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1. Abstract
This process uses a low-thermal plasma reactor to convert carbon dioxide, natural gas,
and water vapor into acetic acid, waste liquid, and flue gas. The plant requires co-location with a
corn ethanol plant for carbon dioxide feed and for the disposal of liquid waste (made primarily of
ethanol and methanol) as an ethanol additive. The acetic acid is the target liquid product for this
process. The flue gas has significant energy value and may also be sold. In the best case scenario,
the plant achieves a 33.78% internal rate of return with a $27,000,000 net present value. Other
worse case scenarios are analyzed with the least favorable resulting in a 13.3%-16.8% internal
rate of return.
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2. Introduction and Objective-time Chart
2.1 Project Motivation and Goals
The starting point for this project was a paper published by Wang et. al. in the journal
Angewandte Chemie entitled “One-Step Reforming of CO2 and CH4 into High-Value Liquid
Chemicals and Fuels at Room Temperature by Plasma-Driven Catalysis”. The paper
demonstrated that a dielectric barrier discharge (DBD) non-thermal plasma (NTP) reactor with a
ground water electrode could take carbon dioxide and methane as feedstocks and produce liquid
fuels. The purpose of this project was to design a reactor for an industrial scale based off of this
research and to create a plant that uses approximately 5000 standard cubic feet per minute
(SCFM) of methane. An internal rate of return (IRR) of approximately 15% was the target for
the profitability of the plant and, failing to achieve that, an economic analysis of the incentives
required to make the plant profitable was required.
From this point, the main goals of this project were to use carbon dioxide to produce a
liquid fuel and to maximize the profitability of the plant. Another goal was to propose a design
for an industrial sized plasma reactor with an understanding of the underlying chemistry. The
first set of goals were accomplished in the main body of this report. The report details all of the
economic considerations, assumptions, and results of the design as well as how the process takes
carbon dioxide and methane to produce the liquid fuel, in this case acetic acid.
The latter set of goals were accomplished by the research displayed in the appendix of
this report. It is highly recommended that the reader thoroughly studies the ‘Plasma Reactor
Design’ Appendix D to fully appreciate the work this group did on this project. The design for a
reactor that utilizes humid carbon dioxide and methane vapor was decided upon through a series
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of design iterations. Understanding each design choice and the rationale behind them is an
important part of this project. Additionally, the background research done into plasma catalysis
is another crucial aspect of this project. Towards that end, it is recommended that the reader
studies the ‘Plasma Reactor Research’ Appendix C. These two sections of the appendix
complement the body of work in the main section of this report.

2.2 Objective Time Chart
Table 2.2.1. The objective time chart for the group in researching and writing this report.

Week

1/25

2/1

2/8

2/15

2/22

3/1

3/8

3/15

3/22

3/29

4/5

4/12

4/19

4/26

Preliminary
Research
Reactor Design
and Mass Balances
Distillation
Design
ASPEN Process
Model
Utility
Requirements
Equipment
Costing
Economic
Analysis
Hazard
Analysis
Report
Drafting
Presentation
Drafting
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4. Market and Competitive Analyses
Carbon dioxide supply, natural gas supply, and the markets for all the individual products
produced in this process are the main markets for consideration.

4.1 Carbon Dioxide Supply
When deciding where to locate the plant and source the feedstocks, the availability of
CO2 was a main concern. It was decided that the plant will be co-located with a corn ethanol
plant and would utilize the CO2 coming off that process. This is discussed further in Section
20.1.

4.2 U.S. Natural Gas Supply
Since natural gas is one of the primary feedstocks for the process, the integrity and
stability of the natural gas market is important to the plant’s continuous supply of gas from the
pipeline as well as its operating costs. According to the U.S. Energy Information Administration
(EIA), natural gas is used primarily in the power generation, industrial, residential, commercial,
and transportation sectors. Since 2017 power generation consumes the most natural gas, closely
followed by the industrial sector.1 Natural gas demand oscillates throughout the year predictably
depending on the demand for gas heating and electricity for air conditioning.
Although the price of natural gas fluctuates throughout the year, the demand for natural
gas is predicted to be stable over the next thirty years. The United States consumed around 36
quadrillion Btu of natural gas in 2021, with consumption predicted to increase to 40 quadrillion
BTU by 2050.2 The total supply of natural gas in 2021 was 95.7 billion cubic feet daily. With
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this plant only consuming around 7.2 million ft3/day,3 its operation will not affect the U.S.
natural gas markets.
Natural gas is sold per million Btu (MMBtu) through the CME Group’s Henry Hub, with
futures contracts sold in multiples of 10,000 MMBtu.3 The EIA reports the average annual spot
price for natural gas at Henry Hub. From 1997 to 2021, the annual gas price fluctuated between
$2.03/MMBtu in 2020 and $8.86/MMBtu in 2008, with the long-term average over the last ten
years being around $3.50/MMBtu.4 In addition to the seasonal and annual variability of the
Henry Hub gas price, the cost of natural gas relative to the Henry Hub price varies depending on
the location of the delivery. This plant will be co-located with a corn ethanol biorefinery in
Illinois, one of the largest fuel ethanol producers in the U.S.5, with many high-capacity corn
ethanol plants6. The weather in the Midwest causes the natural gas price to fluctuate from the
Henry Hub price.7 In March 2021, natural gas delivered to Chicago’s Citygate averaged 28%
higher than Henry hub due to colder weather. When purchasing futures contracts for natural gas
for delivery in Illinois, natural gas price changes will be considered in a profitability analysis.

4.3 Product markets
The US and global markets were analyzed for all of the products of this process,
including acetone, acetic acid, methanol, ethanol, ethane, propane, carbon monoxide, carbon
dioxide, and hydrogen. The market for syngas, a fuel gas mixture consisting primarily of
hydrogen, carbon monoxide, and very often some carbon dioxide, was also studied. It was
determined that since acetic acid is one of the most highly-produced products in this process (and
is relatively easy to separate out from the other liquid products), this would be the main form of
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revenue for the plant. A market exists for all of the other products, but they would not greatly
contribute to the plant’s revenue because they are produced in such small quantities and could
easily be produced and purchased through cheaper methods than the one proposed here.
Acetic acid (CH3COOH) is a colorless, organic chemical compound. The diluted form of
acetic acid is called vinegar, which is the most common chemical substance available in the
market. The majority of high purity acetic acid is used to manufacture vinyl acetate (VAM),
which is produced catalytically by reacting acetic acid with ethylene and oxygen.8 VAM is used
to make polyvinyl acetate (PVA), a major component in paints and coatings. The second largest
consumers of acetic acid are terephthalic acid producers.8 Terephthalic acid is a precursor for
plastics, such as PET. Acetic acid is also used in the production of acetic anhydride, acetate
esters, ethanol, and other chemicals.8
In 2018, the global production of acetic acid was almost 18 million metric tons, and it is
predicted to increase to 21.66 million metric tons by 2023. In 2018, the United States alone
produced about 2.83 million metric tons of acetic acid.9 The market for acetic acid was estimated
to be 9.30 billion USD in 2020 and is expected to grow to 13.42 billion USD by 2027, mostly
driven by the growing demand in the Asia-Pacific region.8 The primary driver for acetic acid
market growth is demand for VAM. The VAM market of 6.7 billion USD is outpacing acetic
acid production, growing at a rate of 5.7%, with the U.S. accounting for around 25% of the VAM
market.10
Market price for the sale of acetic acid to consumers fluctuates daily, but best casescenario estimates show that presently acetic acid can be sold for 1,450 USD per ton acetic acid,
or 0.73 USD per pound. Due to the rapidly growing market and considerable opportunity for

15

CO2 and CH4 to Liquids Via
Low-Thermal Plasma

Hess, Burghardt, McCloskey

revenue from the chemical, it was decided that acetic acid would be the main product of interest
in this process.
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5. Customer Requirements
5.1 Acetic Acid
The main product produced by the plant is high purity acetic acid (>99.9%). While some
industries require only a purity of 70-80%, the market for highly pure acetic acid streams like the
one produced in this plant is growing rapidly due to the growth of the VAM market. VAM
producers, such as Celanese, Darien Chemical Corporation, Sinopec, and LyondellBasell, are all
examples of target customers for the high purity acetic acid product.10 The expansion of the
acetic acid market is encouraging for the plant’s ability to be competitive.
This plant produces 32,700 tons of acetic acid per year. At the end of 2021, acetic acid
was sold for $1450/ton ($0.73/pound).11 If the price remains stable over the life of the plant, the
value of the acetic acid product is $47.5 million/yr. This is a small fraction of the $8.92 billion
market for acetic acid, so it is highly likely that a buyer will be secured for the plant’s acetic acid
in this growing market.

5.2.1 Fuel Gas
The gas stream leaving the process is composed mostly of methane and carbon dioxide.
This stream, with a flow rate of 634 lb/min, will burn in air flowing at 3086 lb/min (see
Appendix B on process alternatives for details). When burned, this stream produces 236.597
MMBtu/hr. The economic viability of this stream relies on undercutting natural gas for heating.
If this stream is priced against natural gas, and the natural gas price is around the average over
the last ten years at $3.5/MMBtu, then this fuel stream would need to be sold at less than $6.56
million/yr to be competitive with natural gas. The large amount of air required to burn this
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stream also would reduce the value of this stream in comparison to natural gas. Sensitivity
analysis on the profitability of the plant will take into account the variable price of this stream.
The customer for this stream is intended to be the corn ethanol producer co-located with
the plant. Corn ethanol plants need heat for distilling their ethanol after fermentation. It is very
important to the viability of this plant to be able to price this stream lower than natural gas while
maintaining the profitability of the plant.

5.2.2 Flammability of fuel gas
The major components of the fuel-air mix by volume are CO2 at 6.14%, methane at
5.84%, and oxygen at 18.24%. The lower flammability limit (LFL) of methane is 5.0%, and the
upper flammability limit (UFL) of methane is 14.3%.12,13 The limiting oxygen concentration
(LOC) for methane in carbon dioxide is 14.5% by volume. This mixture is flammable because
the methane concentration is above the LFL, below the UFL, and because the oxygen
concentration is above the LOC.

5.3 CO2 Tax Credit 45Q
The U.S. Department of Energy made a number of tax credits available for clean coal
projects in the Energy Policy Act of 2005 (EPAct05). One such tax credit is the 45Q. While 45Q
gives a higher payout to entities that permanently sequester CO2, such as in geologic formations,
it also grants a smaller amount to companies that use carbon oxides (not just carbon dioxide) for
other qualified uses such as chemical conversion into a compound in which the carbon oxide is
securely stored, fixation through photosynthesis, or use for other purposes in which a
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commercial market exists. This includes any market in which a product or process that utilizes
carbon oxide is sold commercially.14 A plant like the one proposed in this report would qualify
currently for $20.22 per metric ton of CO2 converted into fuel, and this amount is increasing to
$35 per metric ton by 2026.15
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6. Critical-To-Quality Variables
N/A
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7. Product Concepts
N/A
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8. Superior Product Concepts
N/A
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9. Competitive (Patent) Analysis
Dielectric barrier discharge reactors like the one utilized in this plant are a novel
technology with a unique setup that has not been reported previously as of 2017. Since then, the
use of a low-thermal plasma reactor to synthesize acetic acid from CH4 and CO2 has been further
studied but not patented or employed at industrial scale. Nonthermal plasmas have been utilized
in industry for other applications including as an antimicrobial treatment for fruits and meat
products.16
While they do not employ a low-thermal plasma membrane like the one used in this
process, other methods of producing Acetic Acid have been patented and employed on large
scales. One of the most popular methods is a methanol carbonylation process known as the
Monsato process.17 In this process, methanol and carbon monoxide are reacted in the presence of
a rhodium catalyst at temperatures up to 200 C to produce 95% pure acetic acid. The process
differs from the one proposed in this report in that carbon monoxide is used as a reactant instead
of carbon dioxide (and is in fact created as a byproduct of the Monsato process), and the process
does not occur under ambient conditions.18
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10. Preliminary Process Synthesis

Figure 10.1 Inputs and Outputs to the overall process. Process streams
are horizontal; utilities are vertical.

The goal of this process is to produce a useful
product from methane and carbon dioxide feedstocks. As
shown by Figure 10.1, the overall process requires natural
gas, carbon dioxide, and water for the reaction, as well as
cooling water, medium pressure steam, and electric
utilities. The main product is high purity acetic acid, and a
Figure 10.2. Diagram of the feed
processing section

secondary product is fuel gas, which is sold as fuel for

heating. Waste leaves in streams containing ethanol additives, light gas, condensate, and used
cooling water streams. The used cooling water and steam condensate can be released into the
environment, and a partner corn ethanol producer will use the other liquid waste stream as an
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additive for their fuel. The overall process is composed of three parts: the reactor section, feed
processing, and liquid processing.
Figure 10.3 shows the material flows between these components of the process. Feed
processing regulates the reactor feed to ensure that the reactants are well mixed and at the correct
pressure to enter the reactor. Figure 10.2 is a diagram of the feed processing section. The natural
gas feedstock (FEED-1) is drawn directly from a pipeline operating at 200 psig. From there the
gas flows through a throttle (V-1) to reduce the pressure to 14.3 psig. The carbon dioxide
feedstock is moved with a blower (B-1) from a corn-ethanol plant’s carbon dioxide waste stream,
which is a product of fermentation. The blower increases the pressure of the carbon dioxide

Figure 10.3. Process diagram split into three interacting systems: feed processing, reactor, and fluid processing.

stream from slightly above atmospheric to the same pressure as the natural gas stream, 14.3 psig.
The reaction mix must be humidified for the reaction to produce oxygenate products. Medium
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pressure steam, at 150 psig and 186 °C (FEED-3), is throttled through the throttling valve (V-2),
to reduce the pressure and temperature of the steam to 14.3 psig and 120 °C. All three feed
streams are mixed by the static mixer MM-1, producing a desirable mixture for the plasma
reactor.

The combined reaction mixture (S-4) flows through a
manifold to evenly direct the flow to each of the six active
plasma reactors, which are shown in Figure 10.4. The
seventh plasma reactor allows the plant to operate at full
capacity with one reactor down for maintenance at a time.
By the outlet of the manifold on the product side of the
reactor block, the stream (S-5) emerges at 11.4 psig and 164
Figure 10.4 Reactor Section Flow
Diagram

°C. This stream contains both the acetic acid product and the
fuel gas products. Since the flow rate of this stream is high,

47880 lb/hr, and since the light and heavy components have very different flow rates, the gas and
liquid products are initially separated with the knockback condenser, HX-1. The knockback
condenser is designed to allow for high flow rates while achieving the cooling necessary to
separate the liquid and gas streams. The resulting gas stream, FLUE-1, is flammable. This gas
stream is then sold back to the ethanol plant (or another buyer) for its heating value.
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The liquid processing section takes the
liquid stream, S-6, leaves the knockback
condenser and flows to a multistage
distillation column, DIST-1. The
distillation column produces a bottoms
product of nearly pure acetic acid,
>99.9% acetic acid by mass. The
distillate product from the distillation
column is composed mostly of light
alcohols. These species can be added to
Figure 10.5. Liquid Processing System and Storage Tank Flow
Diagram

the fuel grade acetic acid produced by
the corn biorefinery, so this waste stream

will either be sold or have some removal cost for the ethanol plant to use this stream as an
additive. The acetic acid stream (S-15) flows into the holding tank at 15.7 gpm from the bottom
of the column. As seen in Figure 10.5, there are two holding tanks, which alternate between
shifts to allow for quality sampling. The liquid acetic acid leaving the column is above the room
temperature boiling point. In order to reduce the temperature of the acid, the product stream, S18, is cooled with the heat exchanger HX-4. From the holding tanks the product is pumped to the
final tank, TANK-2, which is insulated to keep the acid above its freezing point of 16°C.
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11. Assembly of Database
The chemicals used and produced in this process consist of water, acetic acid, ethanol,
methanol, acetone, methane, ethane, propane, carbon dioxide, carbon monoxide, hydrogen, and
oxygen. General thermophysical data is available on these chemicals in Table 11.1 below.
Table 11.1. Chemical Property Data

Chemical

Chemical
Formula

Molar
Mass
(g/mol)

Density
(g/cm3)

Boiling
Point (C)

Cost
($USD/ton)

Water
Acetic Acid

H2O
CH3COOH

18.015
60.052

1.0
1.05

100
118

1450

Methanol

CH3OH

32.04

0.792

64.7

597.8

Ethanol

C2H5OH

46.07

0.789

78.37

732.3

Acetone

C3H6O

58.08

0.784

56

1197.5

Methane

CH4

16.04

-

-161.8

6.16*

Ethane

C2H6

30.07

-

-89

-

Propane

C3H8

44.1

-

-42

-

Carbon Dioxide
Carbon
Monoxide

CO2

44.01

-

-78.5

-

CO

28.01

-

-191.5

-

Hydrogen

H2

2.016

-

-252.87

-

Oxygen
O2
32.0
*The price of methane is per 1000 cubic feet.

-

-182.96

-

The price of methanol was provided by Methanex.19 The price of ethanol was provided
by Trading Economics.20 The price of acetone was provided by Chemanalyst for the quarter
ending in December 2021.21 The price of natural gas was used for the price of methane from the
United States Energy Information Administration in a per 1000 cubic feet basis as $6.16. The
only prices that are critical for this report are that of methane and acetic acid, the primary raw
material and product for this process.
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The large gap between the boiling points of the oxygenates/liquid species and those
species found in the vapor phase under ambient conditions is such that condensing streams to
provide a separation between these oxygenates and gases is feasible.
The other major factor to analyze in this section is the hazardous nature of the materials
this process is dealing with. The table below lists the GHS classifications for toxicity and
flammability of all the chemicals used in this process.
Table 11.2. GHS Hazard Ratings

Water
Acetic Acid
Methanol

Flammability
(Category #)
3
2

Toxicity
(Category #)
3 to 5
3

Ethanol

2

2 to 3

Moderate

Acetone
Methane
Ethane
Propane
Carbon Dioxide
Carbon Monoxide

2
1
1
1
1

2 to 3
Asphyxiant
Asphyxiant
Asphyxiant
Asphyxiant
1 and 3

Low
-

Hydrogen
Oxygen

1
-

2 to 3
-

-

Chemical

Corrosivity
High
Moderate

The corrosive nature of acetic acid necessitates the use of a Hastelloy metal for much of
the liquid processing section of this plant. This increases prices significantly, but carbon steel
and stainless steel will be corroded by acetic acid.
Finally, the ASPEN models used in this report use NRTL as a thermodynamic model.
This is to model the non-idealities of the liquid species in this process. The gas phases are
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assumed by the NRTL property to be ideal. For the most part, because the bulk gas phases are
made up primarily of hydrocarbons, this is a decent assumption. Additionally, because the
pressure of the gases in this process are very low (at or under 29 psia) this assumption is
reasonable.
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Figure 12.1. Process Flow Diagram

12. Process Flow Diagram
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13. Process Description
13.1 Feed Processing
The primary goal of the feed processing section is to mix natural gas, carbon dioxide, and
water vapor in the ratio necessary for the reactor section of the process. Towards that end, three
feed streams (FEED-1, FEED-2, and FEED-3) are manipulated to a state where they can be
mixed together.
FEED-1 is a natural gas stream. In this report, it was modeled as a stream made entirely
of methane, although the plasma reactor likely can do just as well if a significant portion of that
stream is made up of ethane. The FEED-1 stream enters the process at 200 psig and 30 C. The
main objective of the processing of the stream is to reduce its pressure to 14.3 psig, the desired
pressure to mix with streams FEED-2 and FEED-3. Multiple methods of achieving this pressure
were discussed. The method settled upon was using isenthalpic throttling valves to reduce the
pressure to 14.3 psig while remaining around 30 C. The primary alternative was using a turbine
to generate electricity from the stream while reducing its pressure. This is discussed in the
‘Process Alternatives’ Appendix B but was ultimately disregarded due to the expense required in
reheating the stream after it makes its way through the turbine.
FEED-2 is a humid carbon dioxide stream. It comes from a pipeline off a nearby corn
ethanol plant. The carbon dioxide is saturated with water vapor. The stream enters the process at
a low pressure, modeled here as 7.1 psig. The objective of the blower B-1 is to pressurize the
stream such that it can make it through the rest of the process, including all pressure drops, and
such that it has the same pressure as the other feed streams when entering the mixer MM-1.
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FEED-3 is a 150-psig steam stream. The level of water vapor saturation, upon mixing the
streams S-1 and S-2, is below maximum saturation. Therefore, steam is added to the mixing unit,
MM-1, in order to achieve full saturation of the vapor with water. For similar reasons as
discussed for FEED-1, a throttling valve unit was settled upon for reducing the pressure of this
stream.
The streams FEED-1, FEED-2, and FEED-3 become streams S-1, S-2, and S-3 after
encountering valve V-1, blower B-1, and valve V-2. Thereafter, they are mixed together in the
motionless mixer MM-1 to become stream S-4. The motionless mixer was chosen as the unit
operation for mixing because it has a small pressure drop and achieves mixing with no utility
requirements. It should be noted that the steam stream S-3 is added to the mixer unit as an
additive (i.e. added in the middle of the MM-1 mixing unit). S-3 becomes wet steam after
throttling and will need to be dripped into the mixing process as an additive in the mixing zone
of MM-1.

13.2 Reactor Section
Stream S-4 progresses to the reactor section of the process. The reactor portion of the
process consists of the PR-4 reactors and the knockback condenser HX-1. The goal of this
section of the process is to react the feed gases and perform a simple separation to begin the
liquid processing section and the gas processing section of the process.
Stream S-4 first enters a manifold system to evenly distribute the gas across the six
reactor blocks that are active within this process at any given time. The temperature and pressure
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of stream S-4 just before the reactor section is 36 C and 12.9 psig. This will change to 164 C and
11.4 psig by the time the stream becomes S-5 after leaving the reactor section.
The reactor section, as mentioned, only has six reactors running at any given time. This is
to provide a spare reactor unit in parallel that can be used if any maintenance is required for any
of the other reactors. Also mentioned was the manifold system for the PR-4 reactor. It is essential
that the gas flows evenly across the entire face of the reactor so that there are no hotspots in the
reactor and no plates that process a disproportionately low amount of gas.
The PR-4 reactor takes the methane, carbon dioxide, and water vapor from stream S-4
and makes oxygenates (acetic acid, methanol, ethanol, and acetic acid) and gaseous species
(hydrogen, carbon monoxide, ethane, propane, and oxygen). All of these species exit the reactor
in the vapor phase, as the adiabatic temperature rise of the reactor is 128 C. This is done
purposefully to avoid any condensation within the reactor that would create a two-phase region.
The exiting stream S-5 contains water, acetic acid, methanol, ethanol, acetone, hydrogen, carbon
dioxide, carbon monoxide, methane, ethane, propane, and oxygen.
The S-5 stream then travels to a knockback condenser called HX-1. HX-1 is designed to
perform a favorable liquid-vapor separation by cooling the incoming stream such that the
oxygenates and water condense and can flow out the bottom of the exchanger. Stream S-5 enters
the tube side of this unit and cooling water is used on the shell side to condense the stream. The
condenser requires approximately 583 gallons per minute of cooling water. One design note on
the HX-1 unit is that the tubes and tube sheet are made of Hastelloy. This is due to the corrosive
nature of acetic acid. Once the acetic acid condenses and is present in a liquid phase with water,
there is the potential that it could corrode metals like carbon steel and stainless steel.
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Alternatives for the HX-1 condenser included a simple heat exchanger and a knockout
drum. The knockback condenser was decided upon because it combined the two objectives of a
heat exchanger and a knockout drum in one unit by both cooling the gas and providing a liquid
and vapor separation.
The two streams coming out of the HX-1 unit are streams S-6 and FLUE-1. Stream S-6 is
the liquid phase made primarily of oxygenates and water. The stream FLUE-1 is composed
primarily of methane, ethane, propane, carbon dioxide, carbon monoxide, hydrogen, and oxygen
in the vapor phase. Stream S-6 enters the liquid processing section. Stream FLUE-1 enters the
gas processing section.

13.3 Liquid Processing Section
The primary objective of the liquid processing section is to separate out the acetic acid
from the stream S-6. Acetic acid is desired as it is the most expensive product, it is the most
easily separable product, and it is the oxygenate product in the most abundance in the S-6 stream.
A distillation column is used to purify this acetic acid. The column is set-up such that the acetic
acid is coming out as the bottoms product and the distillate is producing a stream containing the
balance of ethanol, methanol, water, acetone, and acetic acid.
Before entering the distillation column DIST-1, the stream S-6 goes through pump P-1 to
become stream S-7. The increase in pressure is from approximately 11 psig to 34.6 psig. This
increase in pressure is necessary to prepare the stream S-7 to be fed into the tray column.
The tray column is designed such that the bottoms product produces 99.9% pure acetic
acid. The distillation apparatus includes a partial condenser, a kettle reboiler, a reflux
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accumulator, and a pump. All of the internals of these pieces of equipment are designed to
withstand the corrosive nature of acetic acid by being made of Hastelloy. This is why this section
of the process is the most expensive in terms of the capital cost of the equipment.
The alternative of having four columns to distill each of the four oxygenate products of
this process was discussed. Ultimately, it was deemed too expensive to build a large scale
distillation process involving four towers, considering that the selling price of the other products
was considerably less than acetic acid and that the amount of each in the stream S-6 leaving the
knockback condenser was significantly smaller than the amount of acetic acid produced.
From the distillation section, the two streams that are further processed are WASTE-1
and S-18. WASTE-1 is the stream containing mostly ethanol and methanol, with some acetone,
water, and acetic acid present. It is coming out of the reflux accumulator at a temperature of 113
C. It needs to be cooled in the heat exchanger HX-5 before it can be pipelined back to the corn
ethanol plant to be used as an ethanol additive. The stream S-18 is the product stream containing
pure acetic acid. It is coming off of the column at 167 C and 40.8 psig. At 167 C, acetic acid
would normally boil. However, at the pressure of 40.8 psig, it is in the liquid phase. In order to
store the product, it is therefore necessary to cool the acetic acid by HX-4 down to 119 C before
it can enter the shift tanks TANK-1A and TANK-1B.
TANK-1A and TANK-1B are used to check the product quality during every shift. Two
are used in parallel such that when one shift ends, the product can be drained while the other tank
begins to receive new product. TANK-2 is a large storage tank used for acetic acid product that
meets specifications. It can hold up to a weeks’ worth of acetic acid and will be used as storage
before the final step in acetic acid transport away from the facility.
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13.4 Gas Processing Section
The gas processing section of this process involves stream FLUE-1. This flue gas stream,
as mentioned previously in the Customer Requirements section 5.2.1-5.2.2 of the report, can be
used as a source of heat for another process. Therefore, the FLUE-1 gas will travel at 37 C and
11 psig to a pipeline that leads to another process. There is no further processing of that gas
stream on-site at the plant.
Multiple alternatives were discussed for this flue gas stream. The first was incorporating
an amine separation system to recycle carbon dioxide back to the reactor. It would be necessary
to purify the flue gas stream substantially and only recycle nearly pure carbon dioxide (or
methane) to the reactor section as a plasma reactor cannot handle a large and varying input feed.
This is discussed in the assumptions section of the PR-4 reactor design in Appendix D.
The other alternative discussed was oxidizing the stream onsite and using the heat
provided to either generate electricity or to heat steam for the process. However, the steam
demand in the process is not high enough to merit burning the stream for steam production
(municipal utilities are used and there is no plan on designing a way to manufacture steam for
this process) and the equipment required to produce electricity from the oxidation of FLUE-1 is
prohibitively expensive. Therefore, the stream would either need to be flared and that energy
would go to waste, or a suitable buyer for the stream would need to be identified. The latter was
the assumption made for this report. More details on these decisions can be found in the Process
Alternatives Appendix B.
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14. Energy Balance and Utilities:
Table 14.1. Cooling Water

Equipment

Unit #

Knockback HX-1
Condenser
Condenser HX-2

Flow
Annual
Annual Duty Price ($/1000- Annual
Rate
Flowrate (MMBtu/yr) tons)
Cost ($/yr)
(lb/hr)
(tons/yr)
292,000 1,160,000
46,000
$23.98 $27,800.00
30,200

120,000

7,180

$23.98

$2,880.00

Condenser

HX-4

8,740

34,600

1,910

$23.98

$830.00

Condenser

HX-5

115,000

454,000

9,030

$23.98

$10,900.00

1,768,600

64,120

Total
Cooling
Water

$42,410.00

Table 14.2. 150 psi Steam

Unit
#

HX-3
MM1

Flow
Rate
(lb/hr)

Annual
Flowrat
e
(tons/yr)
69,800 276,000
350
1,400
276,000

Annual
Price ($/ton)
Annual Cost ($/yr)
Duty
(MMBtu/yr
)
21,600
$14.00
$3,864,000.00
$14.00
$19,600.00
21,600

$3,883,600.00
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Table 14.3: Electricity

Unit #

PR-4-1

Power
Annual Power Usage
Price ($/MWh)
Annual Cost
Usage
(MWh/yr)
($/yr)
(kW)
1,360
10,771
$78.00
$720,000

PR-4-2

1,360

10,771

$78.00

$720,000

PR-4-3

1,360

10,771

$78.00

$720,000

PR-4-4

1,360

10,771

$78.00

$720,000

PR-4-5

1,360

10,771

$78.00

$720,000

PR-4-6

1,360

10,771

$78.00

$720,000

B-1

96.1

737

$78.00

$57,486

P-1

0.554

4.49

$78.00

$350

P-2

0.275

2.18

$78.00

$170

P-3

0.128

1.01

$78.00

$79

P-4

0.316

2.50

$78.00

$195

P-5

0.472

3.74

$78.00

$292

8,257

65,395

$5,100,810

Cooling water is used as the heat transfer medium for the condensers. The knockback
condenser (HX-1) uses requires the most cooling water. The price of cooling water in Product
and Process Design Principles (Table 17.1) is $0.10/1,000 gal. The total cooling water usage for
the process is 1,768,600 tons/yr, and the total cost of cooling water is $42,410/yr.
The reboiler for the distillation column and the mixer MM1 are the only process units
using 150 psi steam. 150 psi steam costs $14.00/1,000 lb in Product and Process Design
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Principles by Seider et. al. (Table 1.17). The reboiler requires 276,000 tons/year of 150 psi
steam, the mixer requires 1,400 tons/year, and the total cost of steam is $3,883,600/yr.
Electricity is used to power the nanopulsers for the plasma reactors (PR-4-X). Each
plasma reactor requires 1,360 kW of electricity, which is the largest utility expense in the
process. In total, with electricity powering the nanopulsers, pumps, and blower, the process
requires 65,395 MWh/yr to operate. The price for electricity is $0.078/kWh, which results in a
total electricity cost of $5,100,810/yr for 65,395 MWh/yr of electricity.
The total cost of the cooling water, steam, and electric utility is $9,026,820/yr. The total
amount of energy required from utilities is 308,851 MMBtu/yr, with around 75% of the demand
coming entirely from electricity. Cooling water is nearly negligible compared to the cost of
steam and electricity. Electricity makes up the majority of the utility demand at more than 55%
of the total utility cost.
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15. Equipment List and Unit Descriptions
15.1 Equipment List
The process equipment for this process consists of the following:
•

V-1: Throttle Valve

•

V-2: Throttle Valve

•

B-1: Blower

•

MM-1: Motionless Mixer

•

PR-4: Reactor Complex
o

NSP-5000 Units: Nanosecond Pulsers

•

HX-1: Knockback Condenser

•

P-1: Pump

•

DIST-1: Distillation Column

•

HX-2: Partial Condenser

•

HX-3: Reboiler

•

HX-5 Heat Exchanger

•

TANK-1A/TANK-1B: Holding Tanks

•

TANK-2: Product Tank

•

HX-4: Heat Exchanger

•

Other Pumps (P-2, P-3, P-4, P-5)

Each unit is explained in more detail in the following subsections.

15.2 V-1
Valve V-1 is an isenthalpic throttle valve installed to drop the pressure of the incoming
natural gas stream from the natural gas pipeline. The pressure of the natural gas drops from 200
psig to 14.3 psig. The temperature decrease is negligible (ASPEN reports FEED-1 decreasing
from 30 C to 29.999 C in stream S-1 after the valve). The incoming stream is labeled FEED-1 in
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the process flow diagram and the exiting stream is labeled as S-1. The details of the streams can
be found below:
Table 15.2.1. V-1 Stream Data

Stream

FEED-1

S-1

Molar Flow (lbmol/hr)

781

781

Mass Flow (lb/hr)

12530

12530

Volumetric Flow (gpm)

2650

19650

Temperature (C)

30

30

Pressure (psig)

200

14.3

Vapor Fraction

1

1

The total pressure drop across the valve is 185.7 psig. Both the inlet and the outlet
streams are entirely in the vapor phase. The purpose of reducing the pressure is to be able to mix
the stream S-1 with streams S-2 and S-3 in the motionless mixer MM-1 afterwards.
There is no detailed design or calculations section in the appendix for this value. The
design of this valve was done entirely in ASPEN. More detailed design of the valves required to
perform this pressure change is left for more detailed iterations of process design.
One important note about this valve is that the ASPEN model used NRTL as the
thermodynamic method. This treats gases as ideal. The temperature drop is likely to be nonzero
if modeled with a more realistic thermodynamic model for gases. However, this was also tested
in ASPEN using NRTL-RK and the temperature decrease was only around 5 C. After mixing,
the temperature for both methods result in a temperature around 35 C as the feed to the PR-4
reactor. For the purposes of this report, NRTL should be acceptable.
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15.3 V-2
Valve V-2 is an isenthalpic throttle valve installed to drop the pressure of steam. The
incoming steam utility is at 150 psig and 186 C. The pressure of the steam decreases from 150
psig to 14.3 psig. The temperature decreases from 186 C to 120 C. The incoming steam stream is
labeled as FEED-3 in the process flow diagram and the exiting stream is labeled as S-3. The
details of the streams can be found below:
Table 15.3.1. V-2 Stream Data

Stream

FEED-3

S-3

Molar Flow (lbmol/hr)

20

20

Mass Flow (lb/hr)

350

350

Volumetric Flow (gpm)

1

98

Temperature (C)

186

120

Pressure (psig)

150

14.3

Vapor Fraction

1

0.15

The total pressure drop across the valve is 135.7 psig. The inlet stream is entirely in the
vapor phase. The outlet stream is a mix of liquid and vapor with a vapor fraction of 0.15 (e.g.
this is wet steam). This valve will be placed immediately before (and above) the motionless
mixer MM-1. Therefore, the wet steam can drip into the mixer and be mixed in with the humid
carbon dioxide and natural gas to produce a stream S-4 that is entirely in the vapor phase.
ASPEN reports the product stream (S-4) from the mixer MM-1 as being entirely in the vapor
phase.
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There is no detailed design or calculations section in the appendix for this value. The
design of this valve was done entirely in ASPEN. More detailed design of the valves required to
perform this pressure change is left for more detailed designs of the process.

15.4 B-1
Blowers are used in this process instead of compressors as the pressure of the gas for the
entire process may remain around ambient. Multiple will also be necessary to pipeline the humid
carbon dioxide from the corn ethanol plant to the plant for this process, however those are not
designed in this report and merely included in the pipelining factor as a cost.
The B-1 blower is placed on the incoming carbon dioxide stream from the pipeline. It is
assumed that off of the pipeline, the humid carbon dioxide stream is coming into the process at a
nearly ambient pressure, something very low but safe for transport (21.7 psia). This will result in
the cheapest pipelining of the carbon dioxide from the corn ethanol plant (e.g. it will not be
necessary to build compressors in the corn ethanol plant). As a result, a blower will need to be
applied in order to provide the pressure necessary for the carbon dioxide to get through the
mixing zone MM-1 and the reactor complex PR-4 before entering the knockback condenser HX1 on the other side of PR-4.
Therefore, it is desirable for the blower B-1 to increase the pressure of the humid carbon
dioxide stream from 7 psig to 14.3 psig. This pressure will also match the pressure of the natural
gas stream S-1 and steam stream S-3 that will be mixed in MM-1. The temperature of the stream
increases from 30 C to 55 C through B-1. The blower B-1 operates on the stream labeled FEED-
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2 in the process flow diagram to produce stream S-2. The details of the streams can be found
below:
Table 15.4.1. B-1 Stream Data

Stream

FEED-2

S-2

Molar Flow (lb/hr)

815

815

Mass Flow (lb/hr)

35000

35000

Volumetric Flow (gpm)

27400

22200

Temperature (C)

30

55

Pressure (psig)

7

14.3

Vapor Fraction

1

1

The type of blower used is a rotary lobe blower. It will be made out of cast iron. It is
modeled in ASPEN, which performs all the calculations necessary for this unit operation. The
required electricity is 96.13 kW. The assumed isentropic efficiency is 0.8, as the efficiency for
turbines and compressors suggested by Seider and Seader is between 0.75 and 0.85.
Important details from the ASPEN model are also provided below.
Table 15.4.2. ASPEN Blower Model Design Properties

Net Work Required (kW)

96.13

Isentropic Efficiency

0.8

Compressibility Factor

1.0
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15.5 Motionless Mixer MM-1
The MM-1 mixer is designed to mix carbon dioxide, water vapor, methane, and wet
steam in the ratio required for the PR-4 reactor. All of these fluids will be in the vapor phase and
thus the viscosity will be very low. This is favorable for mixing. The process will use a
motionless mixer designed by Sulzer. Specifically, the model used for this process will be the
Static Mixer CompaX . The diameter range for this equipment will easily fit within the range of
TM

the piping size used in the plant, as the diameter range is between 25 mm and 2000 mm. The
pipe the mixing unit resides in will be made out of carbon steel. An estimate of the required pipe
diameter required to house the mixing unit would be greater than three feet to process all the gas
required in the mixing process. The internals of the unit need to be made from fiberglass
reinforced plastic. The other option is polypropylene, however the melting point of that material
is 160 C, below the temperature of the 150 psig steam that is being fed in as the additive to the
mixer. Even though the steam is throttled before entering the mixer to about 120 C, it is still best
to purchase the sturdier material.
The mixer can be mounted between two flanges between carbon steel or stainless steel
piping. As mentioned, it has a dosage point for additive mixing where the steam will be inserted
into the gas stream. The installation length will be approximately equivalent to the pipe diameter,
which means a very short section of piping will be required for this mixing operation. The
pressure drop will be on the order of 1.5 psig.
The components to be mixed are methane, humid carbon dioxide, and steam. The humid
carbon dioxide will come from a corn ethanol plant where the carbon dioxide gas is assumed to
be totally saturated with water vapor. Thus, to completely saturate the combined methane and
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carbon dioxide with water vapor to feed to the PR-4 reactor, some amount of steam will need to
be added.
The amount of water vapor provided by the carbon dioxide from the corn ethanol plant
can be found in the literature.20 It has been demonstrated that 100% humidity of carbon dioxide
at 30 degrees C and ambient pressure is 18 g water vapor per kilogram of carbon dioxide. The
total volume flow of carbon dioxide required is approximately 38800 gal/min (or 13 pound
moles CO2/min). Therefore, the amount of water vapor provided by the carbon dioxide stream is
10.3 lbs/min or 0.57 lbmol/min. The total amount of water vapor required is 0.9 lbmol/min or
16.2 lbs/min. Therefore, the CO2 from the corn ethanol plant provides over half of the total
demand for water needed for the PR-4 reactor.
The steam feed of 150 PSIG steam needs to be 0.33 lbmol/min or 5.9 lbs/min (2.6666
kg/min). The volumetric flow rate of 150 PSIG steam is therefore approximately 130 gpm. The
humid carbon dioxide is being fed at a rate of 22200 gpm. The methane stream is being fed at a
rate of 19650 gpm. The details of all the streams being mixed together are also provided by the
ASPEN model for the process. The information on the streams being mixed together can be
found below.
Before the steam passes into the Static Mixer CompaX as an additive, it is first
TM

processed by the throttling valve V-2. This reduces its pressure to nearly ambient conditions and
thus prevents backflow of the gas. The details of V-2 can be seen in the equipment design section
on valves. The stream leaving V-2 will be wet steam, which will drip through the additive
portion of MM-1 and become vapor again in the gaseous mixing. The pressure of the gas after
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passing through MM-1 is 12.8 psig after the approximately 1.5 psig pressure drop of the mixing
zone, down from the 14.3 psig pressure at the feed end.
As a final note, the methane and humid carbon dioxide can be pumped through a piping
joint to mix just prior to the mixing process. They will be at approximately the same temperature
and pressure at this point in the process, as the carbon dioxide is being blown at ambient
conditions from the corn ethanol plant and the methane is going through a throttle prior to the
joint at which it joins the carbon dioxide.
The stream results after mixing are from the ASPEN model. The stream temperature is 36
C, slightly above the desired 30 C that was specified for PR-4 originally. However, the report
was adjusted for this new temperature, and it is not a substantial deviation. The PR-4 reactor can
withstand this easily. The composition is pasted below from the ASPEN model.
Table 15.5.1. MM-1 Stream Results, ASPEN Simulation

Stream

S-1

S-2

S-3

S-4

Molar Flow (lbmol/hr)

781

815

20

1616

Mass Flow (lb/hr)

12530

35000

350

47880

Volumetric Flow (gpm) 19650

22200

98

43560

Temperature (C)

30

55

120

36

Pressure (psig)

14.3

14.3

14.3

12.8

Vapor Fraction

1

1

0.15

1
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15.6 PR-4
The PR-4 (Plasma Reactor 4) uses a parallel plate DBD design to generate plasma in the
incoming gas phase and produce products. It is the culmination of multiple design iterations,
including the PR-1, PR-2, and PR-3 designs that were scrapped. This section of the report
constitutes a very brief summary of the PR-4. It is highly recommended that at least the PR-4
section of the appendix (Appendix D) be read to understand the details of the most important unit
of this process. Reading the entire reactor design section of the appendix will provide the reader
with a very good idea of what this project accomplishes.

15.6.1 Structure and Plumbing
The structure of the PR-4 is based around repeating plasma units. Each plasma unit
contains five plates. The first plate is a corrugated stainless steel electrode. This plate is
corrugated such that the gas flows perpendicularly to the ridges. The stainless steel plate is 1 mm
thick, but fits within a 2 mm slot in the design of the reactor. This corrugated high voltage
stainless steel electrode can be seen in Figure 15.6.1.
This corrugated electrode is
surrounded on each side by two glass
panels. Each glass panel is 1 mm
thick. On the opposite side of the glass
panels is the channel where gas flows
and plasma is formed. This gap is 3
Figure 15.6.1. Corrugated high voltage stainless steel electrode
diagram.
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voltage electrode. On the far side of this gap are stainless steel plates that act as ground
electrodes for the electrical discharges. All stainless steel plates are 304 grade. The diagram for
this set-up is presented in Figure 15.6.2.

Figure 15.6.2. DBD Plate Unit Diagram

The full dimensions of a unit are 11 mm tall, 50 mm wide, and 1 m in length. Each 3 mm
discharge gap contains gas flowing at 1.2 gallons per minute for a total flow rate per unit of 2.4
gallons per minute. The residence time of the gas in the reactor is two seconds. The flow speed
on average is 0.5 meters per second. The power output per unit is 200 watts. Thus, each plasma
discharge area will experience 100 watts of power as it travels the length of the reactor.
Reactor units are stacked both vertically and horizontally into reactor blocks. These
reactor blocks are 1 meter wide, by 1 meter long, by approximately 3 meters tall. The base of
each block is square which means every sheet of metal and glass for the reactor is a 1 meter by 1
meter sheet. The reactor then accommodates 20 reactor units along every horizontal level and
can accommodate 272 levels going up the reactor block. Therefore, each reactor block
accommodates 5440 reactor units. A schematic of one reactor block is provided in Figure 15.6.3.
A single unit of the reactor is provided for an approximate scale.
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Each reactor block
can process up to 12930 gpm
of feed gas. The total amount
of feed gas that the project
statement requires for our
group process is 74830 gpm
(5000 SCFM of CO2
combined with 5000 SCFM
of CH4). Therefore, 6 reactor
blocks are going to be
running at any given time. A
seventh one will be available in
line at any given time in case

Figure 15.6.3. Reactor Schematic Size Diagram. In the bottom
right corner of the block face is the size of one plate unit
included for scale.

maintenance is required on any reactor block.
The final note about the structure of the reactor is that it will be contained in a slightly
pressurized stainless steel tank. This tank will contain pressurized carbon dioxide. The
pressurized tanks will be at 7.05 psig. Their purpose is so that no flammable substances (e.g. no
oxygen) can leak into the process and potentially cause a fire in the reactor. The footprint of
these pressurized vessels will be a diameter of 4.92 feet (50% larger than the base of the reactor)
and a height of 10.5 feet (over a half foot clearance above the 3 meter height of the reactor).
The reactor will have piping through this pressurized tank directly to the reactor, which
will be set in a concrete frame. The concrete frame will have slits that can slide in stainless steel
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and glass plates, as well as accommodate the electrical wiring necessary for the use of the
reactor. Finally, spacers will be needed to provide structural support to the entire set-up.

15.6.2 Mass Balance and Selectivities
The conversion achieved for CH4 is 42.3% and for CO2 is 39.4%. The water was assumed
to react with 90% conversion. The selectivities (on a basis of moles of methane and carbon
dioxide reacted) are provided below in Table 15.6.2.1.
Table 15.6.2.1. Conversion and Selectivities for the plasma reaction.
Conversions

%

CH4

42.3

CO2

39.4

H2O

90.0

Selectivities

%

Hydrogen

17.57

Carbon Monoxide

23.15

Ethane

1.73

Propane

0.58

Oxygen

10.11

Acetic Acid

29.60

Ethanol

8.06

Methanol

8.06

Acetone

1.15

A mass balance detailing each species is presented below for all 6 reactors running in
tandem (Table 15.6.2.2 and Table 15.6.2.3).

53

CO2 and CH4 to Liquids Via
Low-Thermal Plasma

Hess, Burghardt, McCloskey

Table 15.6.2.2. Feed mass flow and composition
Species IN

Mass (lb/min)

Mass Fraction

Methane

209

26.17%

Carbon Dioxide

573

71.80%

Water

16

2.03%

Table 15.6.2.3. Reactor outlet mass flow and composition
Species OUT

Mass (lb/min)

Mass Fraction

Methane

120

15.10%

Carbon Dioxide

347

43.51%

Oxygen

30

3.74%

Carbon Monoxide

60

7.50%

Hydrogen

3

0.41%

Ethane

5

0.60%

Propane

2

0.29%

Acetic Acid

164

20.57%

Ethanol

34

4.30%

Methanol

24

2.99%

Acetone

6

0.77%

Water

2

0.20%

15.6.3 Energy Balance
The heat balance for this reactor relies on the heat of formation change between reactants
and products and an assumed 100% transfer of the energy from the high voltage electrodes
towards heating the gas. The heats of formation for the reactants and products were calculated in
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ASPEN Plus V12. The overall heat of reaction is 419.22 kilojoules per pound of feed. The
overall reaction is endothermic.
The total wattage in one reactor block is 1088 kilowatts which is the total heat absorbed
by the gas as it traverses the reactor. For the overall reactor complex of 6 reactor blocks running
at one time, that number is 6528 kW.
For one residence time, the gas absorbs 317.67 kJ. It is calculated that the temperature
rise through the reactor will be 128 K. This temperature rise is more than enough to vaporize all
the species produced in the reactor, as the highest boiling point is acetic acid at 118 C. The final
temperature, with a 36 C inlet gas temperature, would therefore be 164 C. This is the outlet
temperature from the reactor complex.

15.6.4 Electrical System (Eagle Harbor Technologies Nanopulser)
Seven Eagle Harbor Technologies (EHT) NSP-5000 (nanosecond pulser) units are going
to be required for this project. Each NSP-5000 unit can provide 1 MW of electricity. The overall
electrical demand, assuming an 80% efficiency on the power sent to the NSP-5000 units, is then
8.16 MW (from the 6.528 MW required to run the reactors). The peak voltage provided by each
pulser is 30 kV. The discharge profile will be square. The ESP-5000 units come with a built-in
DC power supply within the electrical system itself. The discharge frequency will be 1 kHz, with
each discharge lasting 250 nanoseconds and a rise time of up to 20 nanoseconds, although longer
rise times are acceptable.
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15.6.5 Fluid Mechanics and Pressure Drop
The flow rate of the gas through the reactor is 0.5 meters per second. The Reynold’s
number of the gas flowing through the reactor is 5679.8. The flow will be in the turbulent
regime, which is ideal for mass transfer and mixing. The residence time of the gas in the reactor
is two seconds.
The calculated pressure drop through the reactor is on the order of 1 Pascal. This pressure
drop is essentially negligible. However, as mentioned in the appendix section of the PR-4 reactor
discussing the ‘Structure and Plumbing’ of PR-4, there is an assumed pressure drop in the flow
distribution across the face of the reactor. This flow distribution will be accomplished by some
kind of manifold. More details can be found in the appendix. The assumed pressure drop through
this device is 1.5 psig.

15.6.6 Stream Results
The stream results for the stream entering the reactor (S-4) and the stream exiting the
reactor (S-5) can be seen below in Table 15.6.6.1. The compositions of each stream can be found
above in the mass balance section of PR-4.
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Table 15.6.6.1. Plasma Reactor ASPEN Stream Results

Stream

S-4

S-5

Molar Flow (lbmol/hr)

1616

1480

Mass Flow (lb/hr)

47880

47880

Volumetric Flow (gpm) 43560

59900

Temperature (C)

36

164

Pressure (psig)

12.8

11.4

Vapor Fraction

1

1

15.7 EHT NSP-5000 Nanosecond Pulsers:
The EHT NSP-5000 are nanosecond pulsers produced by Eagle Harbor Technologies
(EHT) and they provide the power to the PR-4 that it needs to generate plasma. These pulsers
consist of large capacitors that deliver short bursts of electricity to high voltage electrodes. They
are designed to provide power to electrodes below 5000 W (each high voltage electrode in PR-4
is a 1 m x 1 m stainless steel plate delivering a total of 4000 watts). They can provide a peak
voltage of 30 kV. Each pulse lasts 250 nanoseconds with around a 20 nanosecond rise time. The
discharge frequency is 1 kHz.
The efficiency of a NSP-5000 unit is 80%. The power demand by the PR-4 reactor is in
total 6.528 MW. Therefore, the power supplied to these NSP-5000 units is 8.16 MW.
Additionally, each nanosecond pulser can provide as much as 1 MW of electricity to high
voltage electrodes. Therefore, 7 are required to run the PR-4 reactor complex.
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Additionally, Eagle Harbor Technologies can perform a significant amount of the
electrical engineering required for wiring and running the PR-4 reactors. The cost of this
electrical set-up, electrical optimization, and the nanosecond pulser units are added to the total
cost of the PR-4 reactor. EHT can also handle optimization of the waveform for the NSP-5000
units.
Finally, the type of current
used in the NSP-5000 units is DC.
However, they come with their own
DC power supply units. The
conversion of any AC electrical
utility to DC for use in the NSP-5000
units is handled by EHT and the
electrical engineering that is required
Figure 15.7.1. Image of an EHT High Voltage Nanopulser

to get the PR-4 reactors to
run. Figure 15.7.1 is a picture of a
high-voltage nanopulser from EHT.
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15.8 Knockback Condenser HX-1
HX-1 is a knockback condenser. The purpose of
HX-1 is to cool the products of PR-4 down to
approximately 37 C using 32 C cooling water. This will
condense the oxygenate portion of the stream S-5 entering
the knockback condenser. The secondary purpose is to cool
the stream before entering the liquid processing section of
the process. The stream S-5 enters the vapor side of HX-1
and needs to be brought from 164 C to 37 C. In order to
make sure that none of the condensing stream becomes
stuck in the condenser, it will have a vertical design. This
vertical design will enable the condensate to come out of the
bottom of the knockback condenser and will enable good
heat and mass transfer in the tubes of the condenser. A

Figure 15.8.1. Diagram of the
knockback condenser.

diagram of the knockback condenser is provided in Figure
15.8.1.
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15.8.1 ASPEN Model
HX-1 was designed in ASPEN EDR to determine various parameters necessary for
design. The specifications provided to EDR were the cooling target for the S-6 stream, the
cooling water temperature, the mass fractions of stream S-5 entering HX-1, and the requirement
that all the cooling be performed in a
unit. The most important design results
are summarized in the following
paragraphs.
The entire knockback
condenser unit is 76 inch I.D. 77 O.D.
cylindrical vessel (shell) that is 192.25
inches tall. There is only a single tube
pass in the unit with 5699 total tubes.
Each tube has an O.D. of 0.75 inches
and the pitch of the tubes is 0.9375

Figure 15.8.1.1. Sketch of the baffle design for the knockout
condenser from ASPEN EDR.

inches in a triangular fashion. The length of each tube is 120 inches. There are 10 total baffles
with a baffle spacing of 8.5 inches. There is an 18.81 inch space before baffles at the inlet and an
18.81 inch space after the baffles before the outlet within the shell as well. A sketch of the set-up
provided by ASPEN that includes all the baffle placements is provided in Figure 15.8.1.1.
Where the cooling water on the shell side is traveling through the baffles. Additionally,
the tube layout is also provided by ASPEN. Specifically, the tube sheet layout is provided. The
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zoomed in version of the tube layout is also provided in Figure 15.8.1.2 to demonstrate the pitch
pattern of the tube sheet.

Figure 15.8.1.2. Tube Design for the knockout condenser. The left is zoomed out to show the whole
cross section, and the right side is zoomed in to show the tubes in greater detail.

The pressure drop on the shell side is approximately 0.74 psi and the pressure drop on the
tube side is 0.37 psi. The remainder of the results can be viewed in Table 15.8.1.1 provided from
ASPEN.
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Table 15.8.1.1. ASPEN EDR Results for the knockout condenser
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The temperature profile of both
streams is also provided. The hot side
stream goes from 164 C (328.32 F) to 37 C
(98.47 F), exactly matching the cooling that
was desired from the knockback condenser.
The cooling water goes from 32 C (89.6 F)
to 43.33 C (110 F), well within the
allowable range for cooling water
temperatures in pipes. This temperature
Figure 15.8.1.3. Stream Temperature Profiles for the hot
and cold streams within the knockout condenser

profile is provided in a graphical format in

Figure 15.8.1.3.
Where TS Bulk Temp. (F) corresponds to the tube side fluid (in this case the oxygenate
stream that is condensing) and the SS Bulk Temp. (F) corresponds to the shell side cooling
water. The approach temperature set for this piece of equipment was 5 C or approximately 9 F.
The amount of cooling required to perform this cooling is 292687.9 lb/hr (583.48 gal/min). The
pressure of cooling water is high enough that no pumps are required to get the cooling water
through the HX-1 vessel.
Finally, a data sheet is provided that summarizes all construction details. One minor
modification from a standard knockback condenser should be noted. Specifically, the acetic acid
present in the liquid phase after it has condensed is very corrosive to carbon steel. In order to
ensure that the equipment does not corrode or become compromised over time, Hastelloy is the
material chosen for both the tubes and the tube sheet in the design of HX-1.
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Table 15.8.1.2. Knockout condenser construction details from ASPEN EDR
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The weight and costing details are also provided by EDR. These can be seen below in Table
15.8.1.3.

Table 15.8.1.3. Knockout condenser weight and cost results

15.8.2 Stream Results
The stream results are also very important from the outlet of HX-1. The liquid stream will
progress onwards to the liquid separation portion of the process to recover acetic acid. The gas
will leave the process as a flue gas that can be sold for fuel purposes. However, the EDR file can
not be imported into the overall ASPEN model of the process. Specifically, HX-1 is modeled by
a FLASH2 unit in ASPEN set to cool the outlet streams to 37 C and using NRTL physical
properties. The heat duty required for cooling is disregarded, as in reality it is taken care of by
the cooling water of the knockback condenser HX-1.
Table 15.8.1.4 below is provided to compare the outlet mass fractions of each component
to compare the results from the ASPEN FLASH2 vessel and EDR HX-1. The values provided by
EDR are heavily rounded and on the FLUE-1 stream add up to over 100%. In the end, the mass
fractions that are considered for the gas streams FLUE-1 and S-6 of the process are that of the
FLASH2 vessel, as the distillation column is modeled in ASPEN and needs an input material
stream.
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Table 15.8.1.4. Comparison between ASPEN Plus and ASPEN EDR for knockout condenser model

S-5

S-5

S-6

S-6

FLUE-1

FLUE-1

(EDR)

(ASPEN)

(EDR)

(ASPEN)

(EDR)

(ASPEN)

47874

47880

12050

10910

35824

36970

43.5

43.5

1

0.6

57

56.1

15.1

15.1

0

0

20

19.5

7.5

0

0

10

9.7

0.4

0.4

0

0

1

0.5

Oxygen (Mass %)

3.7

3.7

0

0

5

4.8

Ethane (Mass %)

0.6

0.6

0

0

1

0.7

Propane

0.3

0.3

0

0

0

0.6

Water (Mass %)

0.2

0.2

1

0.6

0

0

Acetic Acid

20.5

20.5

77

79.0

2

3.3

2.9

2.9

7

6.3

2

2.0

Ethanol (Mass %) 4.2

4.2

13

12.1

2

1.9

Acetone (Mass %) 0.7

0.7

1

1

1

0.6

Total Flow (lb
/hr)
Carbon Dioxide
(Mass %)
Methane
(Mass %)

Carbon Monoxide 7.5
(Mass %)
Hydrogen
(Mass %)

(Mass %)

(Mass %)
Methanol
(Mass %)

The mass fractions are approximately the same, although the total liquid flow rate is less
in the ASPEN flowsheet as compared to EDR. This means the group is taking the more
conservative assumption on the amount of liquid product it will be making (e.g. assuming less
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acetic acid will be made than in reality). These disparities may be due to the design of the two
pieces of equipment, or they may be due to differences in the thermodynamic properties used.
NRTL was used for the FLASH2 knockout drum modeled in ASPEN and B-JAC was used for
the physical properties in the knockback condenser used in EDR. More detailed modeling will
therefore be required to integrate these two results.

15.9 P-1
The centrifugal pump pressurizes the liquid stream coming off the knockout tank, S-6,
from 25.7 psig to 49.3 psig for use in the D-1 distillation column. The pump was included simply
to raise the pressure of S-6 so that it was at a high enough pressure that the liquid would flow
into the feed stage, which was at a pressure of 48.7 psig. The pump is constructed out of
Hastelloy in order to prevent corrosion due to the presence of acetic acid. To be conservative, an
efficiency of 75% was assumed, resulting in a power requirement of 0.31 kW. Using the
equipment costing spreadsheet, the cost of the pump was determined to be about $72,000.

15.10 DIST-1

The distillation column is used to separate acetic acid from the rest of the liquid stream
coming out of the knockout condenser. The incoming feed is at 37 C and 49.3 psig, and the total
flow rate is 10,908 lb/hr. The column recovers 99.9% of the acetic acid as bottoms product,
which can then be sold and used for other industrial processes. The distillate is composed
primarily of ethanol, with balance methanol, acetone, and acetic acid. This stream can be fed
back to the corn ethanol plant and further purified using their existing systems. The column is 3
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feet in diameter, 95 feet tall, and the operating pressure is 43.5 psig. The tower is constructed
using Hastelloy in order to prevent corrosion due to the presence of acetic acid, and sieve trays
constructed of 316 stainless steel are used. 316 stainless steel was chosen because at acetic-acid
concentrations above 80%, 316 is considered a better choice than 304 stainless steel, where there
is a risk of localized attacks to the 304 type.23
Original simulations were run using DSTWU to calculate the reflux ratio required to get a
99% purity stream of acetic acid. The minimum reflux ratio was calculated to be 0.681. This
value was multiplied by 1.2-1.5 to find an appropriate range of Ropt, which came out to be
between 0.817 and 1.022. A reflux ratio profile generated by ASPEN (included in A.7) showed
that the minimum number of stages required to fall within this range was 20 stages,
corresponding to a reflux ratio of 1.00578 and a bottoms rate of 8,264 lb/hr. These values were
used to specify the conditions of the distillation column, which was then modeled using
RADFRAC.
The column diameter was calculated using ASPEN as well. Using the economic and
sizing features on ASPEN, the tower diameter was calculated to be 3.0 feet. However, using the
column internals feature, the diameter was calculated to be 2.3 feet. To be conservative, the
value of 3 feet was kept.
Another similar conservative assumption was be conservative, a total efficiency of 75%
was assumed, and a stage efficiency of 50% was used, resulting in 40 total trays required in the
column. This resulted in a purchase cost of about $1,334,000 for the tower.
The compositions of the feed stream entering the column (LIQ-2) as well as the bottoms
(PROD-1) and distillate (WASTE-1) streams leaving the column are provided in Table 15.10.1.
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Table 15.10.1. Stream compositions and flow rates for DIST-1

Stream

S-7

S-14

S-8

Total Mass Flow (lb/hr)

10,908

8,264

2,644

Mass Frac. Methane

.000438

0.00

0.001806

Mass Frac. CO

.000091

0.00

0.000376

Mass Frac. CO2

.006479

0.00

0.026732

Mass Frac. H2O

.006980

.000519

0.027182

Mass Frac. Methanol

.062993

0.00

0.259889

Mass Frac. Ethanol

.121411

0.00

0.500897

Mass Frac. Propane

.000277

0.00

0.001142

Mass Frac. Ethane

.000138

0.00

0.000568

Mass Frac. Acetone

.010656

0.00

0.043963

Mass Frac. Acetic-Acid

.790484

.999481

0.137229

Mass Frac. H2

0.00

0.00

0.00

Mass Frac. O2

0.00

0.00

0.000215
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15.11 HX-2
HX-2 is a partial-vapor condenser associated with the distillation column. It is a shell and
tube heat exchanger used to condense some of the vapor leaving the top of the column to allow a
liquid reflux stream to flow back into the column and a liquid distillate to leave the column. The
operating pressure is 74.8 psig, heat duty is – 905781 BTU/hr, required surface area is 10,472 ft2
and it is constructed out of Hastelloy. The purchase cost of the partial condenser is about
$4,051,000.

15.12 HX-3
HX-3 is a kettle reboiler associated with the distillation column. It is a shell and tube heat
exchanger used to provide the bottom tray of the column with a vapor stream. The operating
pressure is 49.3 psig, the reboiler duty is 2,722,166 BTU/hr, the surface area is 659 ft2, and it is
constructed out of Hastelloy. The purchase cost of the reboiler is about $1,722,000.

15.13 HX-5
HX-5 is a shell and tube heat exchanger designed to condense the vapor distillate
(WASTE-1) into a liquid. WASTE-1 is entirely vapor coming off the distillation column
consisting of acetone, ethanol, methanol, and trace amounts of water and acetic acid. This stream
is being returned back to the corn ethanol plant that the CO2 was sourced from in order to not
only dispose of these products, but to provide the corn ethanol plant with more ethanol. Although
the stream being returned to the corn ethanol plant will not be pure ethanol, the masses of
methanol, acetone, and acetic acid being returned to the corn ethanol plant are so low compared
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to the total output of ethanol that they can be considered negligible. Corn ethanol plants typically
even have a separation train including distillation towers already installed in their process to
purify their ethanol. For this to be a viable option, however, the stream that the plasma plant
would be returning back to the corn ethanol plant would have to be a liquid stream. Thus, HX-5
is necessary to liquefy the vapor stream coming off the distillation tower.
HX-5 operates at a temperature of 43 C, a pressure of 49.3 psig, and with a heat duty of
1,139,428 BTU/hr. The surface area is 129 ft2, and it is constructed out of Hastelloy in order to
prevent corrosion from even a miniscule amount of acetic acid present. The purchase cost is
about $500,000.

15.14 TANK-1A/TANK-1B: Holding Tanks
The holding tanks are designed to hold a shifts worth of acetic acid product for quality
sampling before the product is added to the final tank. Two tanks are needed to allow product to
be held for sampling between shifts. Since these tanks are holding acetic acid, they are made of
Hastelloy to mitigate corrosion. Using the acetic acid product flow rate of 8267 lb/hr, the tanks
hold 43 m3 of product, allowing for four extra hours of flow to prevent overfilling. These tanks
were priced as horizontal pressure vessels with a L/D ratio of 3. These tanks have a diameter of
8.64 ft and a length of 25.9 ft. Each tank weighs 8 tons and costs $125,600 to purchase,
considering the material factor of 2.95 for Hastelloy. The bare module cost of each tank is
$552,900. The total bare module cost of both tanks is $1,106,000.
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15.15 TANK-2: Product Tank
The product tank is designed to hold the entire production capacity for a week, which
allows for fluctuations in unloading and delivery. Using the acetic acid product flow rate of 8267
lb/hr, the final product tank is designed to hold 600 m3. The tank is made of Hastelloy to prevent
corrosion from the acetic acid. Using the L/D ratio of 3, the horizontal tank has a diameter of
20.8 ft and a length of 62.4 ft. The purchase cost of the large 50 ton tank is $372,000. The bare
module cost of the product tank is $1,636,000.

15.16 HX-4: Product Heat Exchanger
This heat exchanger reduces the temperature of the stream from the bottom of the
distillation column (S-18) from 167 °C to its atmospheric pressure boiling point of 119°C. The
heat exchanger is one shell pass, one tube pass, with a hot stream flow rate of 62.5 kg/min fed to
the tube side. The cooling water is supplied to the shell side at 8733 lb/hr at 32.2 °C and exits at
48.9 °C. 265.5 MBtu/hr is exchanged between the streams. Both streams are at a pressure of
around 43.3 psig entering the heat exchanger. Using ASPEN EDR software to price the heat
exchanger, a bolted bonnet type exchanger with one shell pass was used. The exchanger uses 30Triangular tubes, with an O.D. of 0.75” and triangular pitch. The exchanger is made of Hastelloy
B to mitigate corrosion from acetic acid. ASPEN EDR estimates that the heat exchanger will
weigh 514 lb, have a material purchase cost of $4,832, and a bare module cost of $12,645.
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15.17 Other Pumps: P-2, P-3, P-4, P-5:
Pumps P-2, P-3, P-4, and P-5 are designed to accommodate a maximum pressure increase
of 100 psi at each of their specified flowrates. Since all of these pumps will come into contact
with acetic acid, Hastelloy B is used as the material of construction. The pressure head for each
of these pumps was calculated by dividing the pressure increase (100 psi), by the density of the
material being pumped. The densities for these calculations were calculated using the mass and
volume flow rates from ASPEN for the streams being pumped. The power required for the pump
motors was calculated using the flow rate of the streams and the pressure increase, with a pump
efficiency of 0.75, and the efficiency of the motors is estimated to be 0.55. Using the required
shaft power, the maximum pressure head, and the flow rate, the pumps are priced using the
equipment costing spreadsheet. Table 15.17.1 below tabulates the pump specifications and
pricing for pumps P-2, P-3, P-4, and P-5.
Table 15.17.1. Other Pump Design Details

Name

Q (gpm)

H (ft)

P-2
P-3
P-4
P-5

20.0
17.7
52.6
17.5

774
774
244
244

Shaft Power
(hp)
1.17
1.03
3.07
1.02

Purchase
Cost
$13,517
$13,625
$13,406
$14,626
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17. Equipment Cost Summary
The equipment in this report was costed by various methods. For example, a costing
spreadsheet, ASPEN EDR, and hand-written calculations/estimates were used to determine
purchase and bare module costs for the equipment below. More details on the costing methods
for each piece of equipment can be seen in the ‘Equipment Costing’ section of the appendix. The
appendix provides the costing method and calculation for each piece of equipment.
Table 17.1 below summarizes the purchase cost and bare module cost for each piece of
process equipment. Bare module factors in most cases are taken from Seider et. al.
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Table 17.1 Summarizes the equipment bare module costs and purchase costs for the entire process.

Unit Type

Unit No.

Purchase Cost

Bare
Module
Factor

Bare Module
Cost

Blower
Mixer
Reactor
Knockback
Condenser

B-1
MM-1
PR-4
HX-1

110,352
20,000
382,421
N/A

2.15
1.1
4.16
N/A

237,257
22,000
2,517,740*
1,176,256†

Partial Condenser
Reboiler
Acetic Acid Heat
Exchanger

HX-2
HX-3
HX-4

1,277,952
543,206
N/A

3.17
3.17
N/A

4,051,108
1,721,962
12,645†

Ethanol Additive
Product
Condenser
Pump
Pump
Pump
Pump
Pump
Spare Pump
Tank
Tank
Tank
Tank

HX-5

499,910

3.17

1,584,714

P-1
P-2
P-3
P-4
P-5

21,857
13,517
13.625
13,406
14,626
21,857
125,697
125,697
393,382
42,891

3.3
3.3
3.3
3.3
3.3
3.3
4.16
4.16
4.16
4.16
Total

72,131
44,606
44,964
44,240
48,450
72,131
552,903
552,903
1,636,470
178,428
14,570,908

TANK-1A
TANK-1B
TANK-2
TANK-3

* The cost of the PR-4 reactor includes an electrical system, see appendix
† The purchase cost of these pieces of equipment were not provided by ASPEN EDR

The most significant costs are from the reactor section of the process, as well as the
equipment that is built with Hastelloy to withstand acetic acid. The pieces of equipment built to
withstand acetic acid includes HX-1 and all unit operations downstream in the liquid processing
section. Also note that pump P-6 is a spare pump. It is sized to fit somewhere in the distillation
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complex. It is not included in the PFD or in any equipment specifications. The cost is assumed to
be the cost of the most expensive pump designed.
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18. Fixed-capital Investment Summary
The fixed capital analysis in this section is aided by the Profitability 4.0 Excel
spreadsheet.

18.1 Total Bare Module Cost
Table 18.1.1 below summarizes the total bare module cost of all equipment in the
process. For a detailed breakdown, refer to the previous section that provides the purchase cost
and bare module cost of each piece of equipment in this process. As noted in that previous
section, there is one spare pump for the process. Besides that, equipment is either labeled as
process machinery or storage equipment.
Table 18.1.1 Summary of the bare module cost by category for all the equipment used in the process.

The total bare module cost for equipment is roughly 14.6 million dollars. A large part of
the cost is the Hastelloy metal required in the distillation complex and knockback condenser.
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18.2 Total Permanent Investment
No default spreadsheet values were changed for this section. In Table 18.2.1 is a
summary of the additional fixed costs for the plant. Gurthie’s factored cost method was used for
this section, as laid out in the Profitability 4.0 Excel spreadsheet.
Table 18.2.1 Total permanent investment factors and percentages for the plant. The cost of royalties and utility
plants are assumed to be zero.

The cost of royalties is assumed to be $0. Additionally, the utilities will be drawn from
local municipal utilities, no utility plants will be required. The plant site factor used for this
process is 1.15 as suggested by Seider et. al. for a plant located in the Midwest. Table 18.2.2
below describes the entire investment summary and details the final total permanent investment
for the process. No values were changed from the defaults in the profitability spreadsheet to
create this table.
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Table 18.2.2 The total permanent investment summary for the plant. It includes all the bare module equipment costs,
the direct permanent investment, the total depreciable capital, and all other components of the total permanent
investment.
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18.3 Remaining Fixed Costs
The fixed cost for plant operators, wages and benefits, operating overhead, taxes, and
depreciation is listed below in Table 18.3.1. Five shifts were assumed. The total number of
operators per shift was set to be 2. The recommended number of operators by Seider et. al. for a
continuous process fluids processing section of a plant is 1. This project has one fluids
processing section (e.g. the distillation train). This is detailed in table 17.3 of Seider et. al. The
second operator for this plant will be responsible for the plasma reactor section alone. That is a
very technical piece of equipment, and an operator will be required to monitor it at all times.
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Table 18.3.1 Remaining fixed costs for the plant including operators, maintenance, operating overhead, taxes, and
depreciation.

18.4 Total Fixed Cost Summary
Table 18.4.1 below describes the total fixed cost for the plant. As described above, no
rental fees, licensing feeds, or miscellaneous fees are considered.

100

CO2 and CH4 to Liquids Via
Low-Thermal Plasma

Hess, Burghardt, McCloskey

Table 18.4.1 The total fixed costs for the plant including operators, maintenance, operating overhead, and taxes.
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18.5 Working Capital
The working capital, which includes an acetic acid inventory of seven days (as allowed
by our storage tanks), is listed below in Table 18.5.1. The raw materials working capital is zero.
There will be no storage of raw materials on-site. The cost of gas tanks is prohibitive. This
decision is explained in the process alternatives section of Appendix B.
Table 18.5.1 The working capital for the plant. It includes seven days worth of acetic acid but no raw materials, as
the storage cost for the gas is prohibitive.
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19. Operating Cost - Cost of Manufacture
19.1 Process Material
The total process materials required for the operation of the plant are listed in Table
19.1.1. These materials include natural gas and humid carbon dioxide from a corn ethanol plant.
These are the only process materials required.
Table 19.1.1 The raw materials required for the process in a 1000 cubic feet per pound of acetic acid basis.

Raw Material

Required Amount of 1000
ft3 per Pound of Acetic
Acid

Natural Gas
0.037665
Carbon Dioxide
0.037665
Total Cost per lb of Acetic Acid:

Cost per 1000 ft3
$
$
$

6.16
0.232

The price of natural gas is listed by the US Energy Information Administration nationally
in January of 2022 as $6.16 per thousand cubic feet (assumed at standard conditions).25 The total
amount of natural gas used per minute is 5186.87 SCFM, slightly above the target of 5000
SCFM. 137.71 pounds of acetic acid are produced a minute, so the cost of natural gas is
approximately $0.232 per pound of acetic acid.
Additionally, the cost of the carbon dioxide from the corn ethanol plant is assumed to be
zero. A sensitivity analysis on that price is performed below.

19.2 Utilities
The utilities required for this process are low pressure steam (150 psig), electricity, and
cooling water (50 psig, 32 C). The electricity demand is spread across one blower, five pumps,
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and the reactor section of the plant. The steam is used in the motionless mixer and the distillation
column. The cooling water is used in an overhead condenser, a knockback condenser, a product
chiller, and to cool the flue gas stream. The demands are all listed in the tables below.
Table 19.2.1 depicts the total electrical demand for the process and can be seen below.
Table 19.2.1 The total electrical demand for the plant per piece of equipment.

Unit Type

Unit No.

Blower
Reactor
Pump
Pump
Pump
Pump
Pump

B-1
PR-4
P-1
P-2
P-3
P-4
P-5
Total

Electrical
Demand (kW)
96.13
8,160
0.554
0.275
0.128
0.316
0.472
8,257.88

The price per kWh in Illinois for industrial use is provided by the US Energy Information
Administration in January 2022 as $0.0776 per kWh.25
The total steam demand for the process is 1,169.15 pounds per minute of 150 psig steam.
Table 19.2.2 displays this total steam demand, including the amount to be mixed in MM-1.
Table 19.2.2 The total steam demand for the plant, including the amount to be mixed in MM-1.

Unit Type

Unit No.

Mixer
Reboiler

MM-1
HX-3
Total

150 psig Steam
Demand (lb/min)
5.88
1,163.28
1,169.15

The cost of steam for this process is provided by Seider et. al. The cost of steam for this
process is provided by Seider et. al. at $7.00 per 1000 pounds of 150 PSIG steam.
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Table 19.2.3 depicts the total cooling water demand for the process.
Table 19.2.3 The total cooling water demand for the process categorized by each piece of equipment.

Unit Type

Unit No.

Knockback
Condenser

HX-1

Cooling Water Demand
(gal/min)
583.48

Partial Condenser
Heat Exchanger
Heat Exchanger

HX-2
HX-4
HX-5
Total

60.40
17.5
229.1
890.48

The price per unit of cooling water is provided in Seider et. al. as $0.1 per 1000 gallons
of cooling water. The utilities costs are summarized below in Table 19.2.4. The overall cost is
approximately $0.143 in utilities for every pound of acetic acid. The cost is mostly split between
the steam and the price per kWh of electricity.
Table 19.2.4 The total cost of utilities in a per pound of acetic acid basis.
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19.3 Labor Cost
The total number of operators required per shift is 2. One engineering manager is
required per shift as this is a small plant. The salaries for plant operators are $60,000 annually
and for engineering managers $75,000 annually. This is also detailed in section 18.3 on the
remaining fixed costs for the process.

19.4 Variable Costs
The variable costs include a selling/transfer expense, direct and allocated research,
administrative expense, and management incentive. These were provided by the profitability
analysis spreadsheet 4.0. The default values for each are displayed below in Table 19.4.1. These,
with raw material costs, byproducts, and utilities cost are described in the table below.
Table 19.4.1 A summary of the variable costs for this process provided by the Profitability Analysis 4.0 Spreadsheet.

The summary of these costs, with raw material costs, byproducts, and utilities cost are
described Table 19.4.2.
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Table 19.4.2 The total variable costs at 100% capacity for the process. It includes raw materials, byproduct selling
price, and utilities.

Note that there is a large amount of money gained on byproducts in the variable costs
section. This is entirely dependent on a buyer for the combustible flue gas from the process. The
price of that for the purposes of this analysis was assumed to be the same as natural gas on a per
MBtu basis. The quality of the gas, however, is lower as it is not going to be pipelined at a high
pressure. Therefore, a sensitivity analysis is required to determine the various scenarios for how
much that flue gas can sell for, including an analysis of what will occur when that flue gas
cannot be sold.
Finally, two more assumptions in the variable cost should be discussed. First, it was
assumed that there was no cost for obtaining the humid carbon dioxide from the corn ethanol
plant. The second assumption was that the corn ethanol plant would use the distillate waste
stream from the distillation column as an additive to their corn ethanol fuel free of charge.
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However, in a worst-case scenario, the plant will have to pay for humid carbon dioxide and pay
to dispose of the liquid waste stream. The cost of the humid carbon dioxide stream should be
very small even if it must be paid for, as it is a waste stream from the corn ethanol plant.
Furthermore, there is value in the liquid waste stream from the distillate of the column, it
contains 50.1% ethanol, 26.0% methanol, 13.7% acetic acid, 4.4% acetone, 2.7% water, 2.6%
carbon dioxide, and the balance trace hydrocarbons and oxygen. The bulk being ethanol makes it
very likely that it will be accepted as an additive, especially considering that the amount being
added (1199.25 kg/hour) is insignificant compared to the large amount of ethanol produced from
a sizeable corn ethanol plant.
The summary of this best-case scenario sale price and costs for the raw materials and
byproducts in this process is provided in Table 19.4.3 below.
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Table 19.4.3 The best case scenario prices for the raw materials and byproducts for this process.
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20. Other Important Considerations
20.1 Plant Location
The plant will be co-located with a corn ethanol production plant in order to use the CO2 coming
off the corn ethanol plant as the feedstock for our process. The CH4 feedstock will be purchased from a
nearby natural gas pipeline.
Corn ethanol production works by milling corn kernels into flour. This flour is mixed with water
and enzymes that hydrolyze the starch into simple sugars, which are then transferred to fermenters where
they are mixed with yeast. The yeast ferment the sugars into carbon dioxide and ethanol.
For each pound of simple sugars, yeast produce approximately 0.15 gallons of ethanol and an
equivalent amount of carbon dioxide. Carbon dioxide released from this process is typically released
directly to the atmosphere, although it can occasionally be sold to food and beverage companies like Coca
Cola. The ethanol is further purified through distillation and molecular sieving to remove leftover water.
For fuel-grade applications, these separations typically do not remove other organic impurities efficiently,
and the ethanol is sold as fuel at a purity of around 95%. It is estimated that up to 95% of ethanol in the
United States is produced from corn in this manner.
Although there is debate over the sustainability of corn ethanol production given the high
amounts of energy required to produce the ethanol, corn ethanol is typically considered a renewable
energy source.
Corn ethanol plants are located throughout the United States, with the largest plants producing on
the order of 300 million gallons per year of ethanol. The locations of all corn ethanol plants currently
functioning in the US, as well as their outputs, are mapped using data from the Renewable Fuels
Association (RFA). The locations of the top three highest producing corn ethanol plants were identified
and analyzed for their proximity to existing natural gas pipelines, mapped using data from the National
Pipeline Mapping System. Corn ethanol plants that produce at least 300 MGY of ethanol (corresponding
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to about 5000 SCFM CO2, the minimum CO2 needed for our process) that also are within 0.5 miles of
natural gas pipeline were considered as possible contenders to co-locate the plasma plant with. Three such
example locations are identified below:

Potential Location 1
Site name: Archer Daniels Midland Co.
Address: 4666 Faries Parkway
Decatur, IL 62526
Yearly Ethanol Production: 375 MGY
Distance to methane pipeline: 0.0 miles (pipeline already goes through plant)

Figure 20.1.1. Plant Location 1
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Potential Location 2
Site name: Marquis Energy, LLC
Address: 11953 ESK Road
Hennepin, IL 61327
Yearly Ethanol Production: 365 MGY
Distance to methane pipeline: 0.2 miles

Figure 20.1.2. Plant Location 2
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Potential Location 3
Site name: Archer Daniels Midland Co. (Adm)
Address: 3000 East 8 St.
Columbus, NE 68601
Yearly Ethanol Production: 313 MGY
Distance to methane pipeline: 0.0 miles (pipeline already goes through plant)

Figure 20.1.3. Plant Location 3

These locations show just three examples of sites where this type of plant could be co-located.
Areas for further analysis and consideration could be northern Indiana, southeastern Nebraska,
northwestern Iowa, and southwestern Minnesota, where there is a high concentration of high-producing
corn ethanol plants.
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20.2 Environmental Considerations
This process provides a method of utilizing both CO2 and CH4 to create fuels, thereby
putting two very harmful greenhouse gases to use. It must be noted, however, that the total
carbon footprint of the plant, including the carbon intensity of the energy used to power the
plant, must be considered to determine if the process is overall carbon negative. The plant
converts 53.85 million kg CO2/year (53850 metric tons CO2/year) into products. This is the CO2
removed (albeit temporarily) per year thanks to the plant. Taking into consideration all of the
heating and electrical requirements of the plant, the plant requires 56,616,000 kWh/year of
electrical energy. Should this energy be sourced from non-renewable sources such as coal, which
emits 1.01 kg CO2/kWh, this could result in more than 57 million kgCO2/year produced due to
the plant. This would result in a net positive carbon footprint of 3.3 million kgCO2/year for the
plant. Should this energy be sourced from renewable sources such as solar power, which emits
0.006 kgCO2/kWh, only around 340,000 kgCO2/year would be produced due to the plant. This
would result in a net negative carbon footprint of 53.4 million kgCO2/year for the plant.
It is important to keep in mind, however, that the CO2 used by the plant to create fuels is
not permanently removed from the atmosphere; once those fuels are used and burned, CO2 will
be reformed through combustion and released back to the atmosphere, thus leading to no net
removal from the atmosphere. Carbon (and methane) utilization solutions offer a temporary fix
and repurposed use for greenhouse gasses, but the IPCC report has explicitly stated that in order
to limit global warming to 1.5ºC, emissions must be reduced to nearly zero and carbon dioxide
must be permanently, not temporarily, removed from the atmosphere. The plasma process
outlined here cannot be considered a negative-emissions technology that permanently removes
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greenhouse gasses from the atmosphere, so other technologies must therefore be implemented to
achieve the IPCC’s climate goals.

20.3 Social and Ethical Considerations
It is crucial that the construction and operation of this plant does not harm or threaten
neighboring communities in any way. Care must be taken to ensure that the plant is not
constructed on protected lands and that the construction of the plant and any emissions from the
plant do not harm neighboring communities, which historically have tended to be low-income,
underrepresented communities. This also goes for the pipeline needed to transport raw materials
and products to and from the plant. The location of our plant was intentionally chosen to be
directly next to an existing corn ethanol plant for easy procurement of carbon dioxide as one of
the raw materials. Similarly, only corn ethanol plants that fall within 0.5 miles of pre-existing
natural gas pipeline were considered so that new pipeline did not have to be constructed,
eliminating the risk of threatening or inconveniencing any communities through the construction
of additional pipelines.
There is also risk associated with the ‘business as usual’ philosophy employed in this
case. While creating fuels using greenhouse gasses can be considered less environmentally
harmful than creating fuels that generate new emissions, it is important to keep in mind that
those greenhouse gasses are eventually released back into the atmosphere once the fuels are
burned. Carbon (and methane) utilization solutions offer a temporary fix and repurposed use for
greenhouse gasses, but the IPCC report has explicitly stated that in order to limit global warming
to 1.5ºC, emissions must be reduced to nearly zero and carbon dioxide must be permanently, not
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temporarily, removed from the atmosphere.26 The plasma process outlined here cannot be
considered a negative-emissions technology that permanently removes greenhouse gasses from
the atmosphere, so other technologies must therefore be implemented to achieve the IPCC’s
climate goals.

20.4 Safety Considerations
The primary process safety hazards for this process are reactivity, fire, explosion, and
shock. The reactivity matrix below, generated by NOAA’s CAMEO Chemicals, demonstrates
reactivity, flammability, and explosion hazards for certain mixtures of chemicals involved in our
process. While many of the chemicals are compatible, the presence of oxygen in the system
presents an explosion and fire hazard in the system. Table 20.4.1 is a compatibility matrix of the
liquid chemicals and oxygen (included to demonstrate explosivity hazards) interacting in the
process. Table 20.4.2 is a compatibility matric of the gaseous species. Both tables were generated
using CAMEO Chemicals.
Table 20.4.1. CAMEO Chemicals Compatibility Chart for liquid oxygenate species
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Table 20.4.2. CAMEO Chemicals Compatibility Chart for a selection of gaseous species.

For this reason, the concentration of oxygen must remain below the limiting oxygen
concentration for combustion. This is achieved under design conditions. Although the plasma
reactors are operating at conditions that will not ignite the mixture, the plasma state is an ignition
source, and any air that leaks into the system presents a flammability hazard. As a preventative
measure, the vessel containing the plasma reactors will be purged and blanketed with carbon
dioxide, to prevent a flammable mixture from forming inside the reactors. To mitigate the
explosion hazard in the pipes, flame arresters will be installed immediately before and after the
manifolds on either side of the reactor bank. Burt disks will be installed on each manifold to
isolate any explosion to a single reactor. The appropriate burst disks, relief valves, and flame
arresters will be installed on all lines containing flammable material. The storage tank at the end
of the process (TANK-2) presents the greatest explosion hazard, since it contains a large amount
of flammable glacial acetic acid at elevated temperatures. This tank will be blanketed with CO2,
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have a comprehensive pressure regulating system, and have sufficient rupture disks installed to
regulate the risk of an explosion.
The plasma reactors are operating at very high voltages, which presents a shock hazard to
operators. All plasma reactors will be isolated from personnel and grounded to prevent shock
hazards.
Acetic acid is toxic at high concentrations, having a NFPA health rating of 3, which is
extremely hazardous. Since the acetic acid is near its boiling point during storage, vapors present
a serious health risk. According to NIOSH, the concentration that is immediately dangerous to
life or health is 50 ppm, and the REL-TWA for an eight-hour shift is 10 ppm. For this reason,
areas containing operators will be fitted with concentration alarms to alert personnel if the
concentration of acid exceeds the recommended exposure limit. Since acetic acid has a pungent
smell, it is unlikely that the presence of acid in the air would go undetected by operators.
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21. Profitability Analysis
21.1 Base Case Scenario (Best Case Scenario)
The base case scenario profitability analysis is the best-case scenario for the plant. This is
the scenario where the plant is able to sell flue gas at the same price per MBtu as natural gas,
where the plant can get humid carbon dioxide for free from a corn ethanol plant, and the plant is
able to discard its liquid waste from the distillation column for free to the corn ethanol plant.
This was the scenario presented in the fixed costs and operating costs sections above.
In this base case scenario, the economics of this project look extremely favorable.
Specifically, the internal rate of return (IRR) is a very large 33.78% with a $27,007,600 net
present value (NPV). This information is summarized in Table 21.1.1 below with an additional
table summarizing the plant in the third year of production. It demonstrates that the return on
investment (ROI) in the third year is an impressive 33.55%.
Table 21.1.1 The profitability (in terms of IRR, NPV, and ROI) best case scenario for the plant.
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A sensitivity analysis can be performed on this best-case on the acetic acid selling price.
The variation in price presented is up to plus or minus 50% of the price cited in this study of
$0.73 per pound of acetic acid. It is varied along with the total variable costs for this process (e.g.
raw materials, utilities, and byproduct selling prices). This information is presented in Table
21.1.2 below.
Table 21.1.2 The profitability of the plant in the best case scenario varying by product price and the variable costs
associated with production.

As can be seen by this table, if the variable costs were to increase by up to 50%, the IRR
of the plant would still be favorable at 12.67%. It demonstrates that there is a wide range of
conditions under which this plant can be economically viable, including a lower selling price of
acetic acid. For example, holding all else equal, if the selling price of acetic acid were to
decrease by 8 cents a pound, the IRR would be 26.17%.
Further analysis can be done on the cost of humid carbon dioxide (currently assumed to
cost nothing), the cost of natural gas, the price the flue gas will sell for, the price the ethanol
additive will sell for (currently assumed it is sold for nothing), and the cost of electricity for the
process.
The sensitivity analysis on the cost of the humid carbon dioxide from the corn ethanol
plant is performed first. Three values were used for the cost of carbon dioxide per thousand cubic
feet, one one-hundredth the price of natural gas ($0.616 per thousand cubic feet), half the price
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of natural gas ($3.08 per thousand cubic feet), and equivalent to the price of natural gas ($6.16
per thousand cubic feet). The results are summarized in Table 21.1.3.
Table 21.1.3 The profitability of the plant based on scenarios where the humid carbon dioxide used as a raw
material costs one one-hundredth the cost of natural gas, half the cost of natural gas, and the full cost of natural
gas.

CO2 Cost per
Thousand Cubic
Feet
$0.616
$3.08
$6.16

IRR
31.34%
21.13%
3.67%

NPV
$
$
$

23,171,100
7,837,200
1,330, 200

ROI in Year 3
30.59%
18.52%
2.85%

The result of this sensitivity analysis demonstrates that the cost of carbon dioxide is very
important for this process. If the cost of carbon dioxide comes to be on the order of natural gas,
the process would become uneconomical. However, this possibility is almost unimaginable. It is
more likely that the cost of CO2 will be very small, somewhere on the order of one onehundredth that of natural gas or less. That row in the table above demonstrates the economics of
such a process are still very good.
A sensitivity analysis can also be performed on the cost of natural gas. The costs
considered will be $6.16 per thousand cubic feet (the price cited above), plus and minus 10
percent of that cost, and plus and minus 20 percent of that cost. These values are all presented in
the Table 21.1.4.

121

CO2 and CH4 to Liquids Via
Low-Thermal Plasma

Hess, Burghardt, McCloskey

Table 21.1.4 The profitability in scenarios for the plant where the price of natural gas varies plus or minus 10% and
plus or minus 20% from the base case assumed in this study.

Natural Gas Cost
per Thousand
Cubic Feet
$4.928
$5.544
$6.16
$6.776
$7.392

IRR
38.31%
36.07%
33.78%
30.59%
29.00%

NPV
$
$
$
$
$

34,671,600
30,838,100
27,004,600
23,171,100
19,337,600

ROI in Year 3
39.40%
36.48%
33.55%
31.43%
27.61%

This table demonstrates that the cost of natural gas is a very important factor for the
profitability of the plant. Changes in price by 20% drastically impact the IRR of the plant. It may
be worthwhile to locate the plant at a site with the cheapest natural gas available.
Another factor to do a sensitivity analysis on is the price at which the flue gas can be sold
for. Because an important assumption went into the price of the flue gas (e.g. that is could sell
for the same price as natural gas on a MBtu basis), the price should be varied by a large amount
in this sensitivity analysis. The values chosen are minus 25%, 50%, and 75% of the selling price.
Prices higher than the selling price of $0.0017 per standard cubic foot of gas is unlikely. Table
21.1.5 demonstrating the results of this sensitivity analysis can be seen below.
Table 21.1.5 The profitability of scenarios where the flue gas selling price is 25%, 50%, and 75% less than the
selling price of natural gas on a per MBtu basis (converted to a per standard cubic feet per minute here).

Price of Flue Gas
per Standard
Cubic Foot
$0.001700
$0.001275
$0.000850
$0.000425
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33.78%
31.00%
28.13%
25.17%

NPV
$
$
$
$

27,004,600
22,579,100
18,153,500
13,728,000

ROI in Year 3
33.55%
31.24%
26.58%
23.09%
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This table demonstrates that the selling price of the flue gas stream is very important for
this process. The price at which it is sold will have a very large impact on the profitability of the
process. This emphasizes that it is a critical assumption that the price of flue gas would be sold
for a similar price of natural gas on a per MBtu basis. It also demonstrates that before the plant is
built, some use for the flue gas stream (whether it be for selling or for burning to derive energy)
be determined. As a reminder, that stream contains a considerable amount of methane, as the
conversion of methane through the reactor is only 42.3%. The flue gas stream contains about
56% carbon dioxide by mass, 20% methane, 10% carbon monoxide, and 5% oxygen by mass.
A sensitivity analysis can also be done on the price the ethanol additive is sold for. In the
current profitability estimations, the ethanol additive is not being sold. If instead the favorable
assumption is made that the corn ethanol plant would buy the ethanol additive, a more favorable
economic situation would present itself. This is demonstrated by Table 21.1.6 below, where the
cost of the ethanol additive is at 5%, 10%, and 20% of the selling price of acetic acid.
Table 21.1.6 The profitability of the plant in scenarios where the ethanol additive is sold for 5% the price of acetic
acid, 10% the price of acetic acid, and 20% the price of acetic acid per pound.

Price of Ethanol
Additive per
Pound
$0.0000
$0.0365
$0.0730
$0.1460

IRR
33.78%
34.99%
36.19%
38.56%

NPV
$
$
$
$

27,004,600
28,966,800
30,929,000
34,853,400

ROI in Year 3
33.55%
35.10%
36.64%
39.73%

This table demonstrates that a considerable amount of value for the plant could be
generated if the ethanol additive were sold for even a small price (a couple of cents a pound).
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Therefore, the objective of securing a buyer for the ethanol additive is a worthwhile task before
building the plant. It may increase the IRR by a couple percentage points.
Finally, a sensitivity analysis can be performed on the cost of electricity. Electricity is the
primary utility cost for this process due to the large amount of electricity required to run the
plasma reactors. The cost of electricity in this sensitivity analysis is varied by plus and minus
10% and plus and minus 20% to determine its impact on the profitability of the plant. These
profitability scenarios are presented in Table 21.1.7.
Table 21.1.7 The profitability scenarios where the electricity cost for the plant is varied by plus and minus 10% and
plus and minus 20% from the cost estimated in this study.

Electricity Cost
per kWh
$0.0624
$0.0702
$0.0780
$0.0858
$0.0936

IRR
35.40%
34.60%
33.78%
32.96%
32.14%

NPV
$
$
$
$
$

29,630,900
28,317,800
27,004,600
25,691,400
24,378,300

ROI in Year 3
35.62%
34.58%
33.55%
32.52%
31.48%

As can be seen from this table, varying the electrical cost per kWh by up to 20% has a
very small impact on the profitability of the overall process. An important comparison should be
made between this price of electricity and natural gas. It demonstrates that most consideration
should be spent on how to procure cheap natural gas as a feedstock as opposed to how to
minimize electrical costs for the process.
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21.2 Worst-Case Scenario
The worst-case scenario for this plant is that there is a price to dispose of the liquid waste
coming from the distillate of the distillation column and a price to dispose of the flue gas from
the process. In other words, the sellable byproducts assumed in the previous analysis become
waste streams that need to be disposed of. It is very unlikely that a significant amount of money
will be paid for the carbon dioxide from the corn ethanol plant, so this value is maintained at a
price of $0.00 per thousand ft3.
For the purpose of this analysis, if the flue gas is a waste stream it is assumed that the
cost of disposal will be $0.42 per one thousand standard cubic feet of gas. Additionally, the price
of disposing of the liquid waste stream is assumed to be $0.15 per pound of liquid waste. These
prices are justified in the following paragraph. The amount of flue gas produced per pound of
acetic acid produced is 0.06179 thousand cubic feet and the amount of liquid waste produced per
pound of acetic acid is 0.319 pounds of waste.
The cost of disposal of the liquid waste stream will vary based on what the exact
composition of the waste stream is. In the case of this project, it is primarily ethanol and
methanol. No quote was obtained for the disposal of this material, and as such the number listed
previously is just a rough guess. The cost of the gas stream assumed that the gas stream would be
burned and the carbon dioxide would be vented. The cost of the stream was then calculated as
what the Regional Greenhouse Gas Initiative (RGGI) priced as the real cost of carbon dioxide
emitted per ton. Specifically, in an article from March of 2021 published by the US Energy
Information Agency, the clearing cost of CO2 per ton estimated by the RGGI was $7.60 per ton
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of CO2. The gas stream has a mass flow rate of 634 pounds per minute. Conversions lead to the
amount of $0.42 per thousand cubic feet of gas produced.
These two changes result in a much worse IRR than the best-case scenario, though
potentially still economically viable. The IRR becomes 13.31% and the NPV becomes
$1,995,600. The ROI in the third year is now 10.64%. Table 21.2.1 below summarizes these
values.
Table 21.2.1. The profitability of the worst case scenario for the plant where a large amount of cost is associated
with disposing the liquid waste and gaseous waste from the process.

The same sensitivity analysis on the variable costs and acetic acid selling price in the
previous section can be performed. In this scenario, there is a smaller range of product prices that
makes this plant profitable. Additionally, a 50% increase in the variable cost at the base case
scenario of acetic acid selling price makes the plant unprofitable, whereas for the best-case
scenario the plant was still highly profitable even with the large fluctuation in the variable costs
at the acetic acid price of $0.73 per pound. This is summarized in Table 21.2.2 below.
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Table 21.2.2. The profitability scenarios for the plant where the selling price of acetic acid and the variable costs
for the process are both varied by plus and minus 50%.

As an interesting intermediate scenario, if it is assumed that the gas can be disposed of
with no cost, the economics become much more favorable. The IRR becomes 16.85% and the
NPV becomes $2,292,300. The ROI in the third year of the plant becomes 14.07%. If both the
gas and the liquid waste are disposed of at no cost the values become an IRR of 22.71%, a NPV
of $10,198,300, and an ROI in the third year of 20.31%.
Overall, this section demonstrates the importance of finding a customer for the
combustible flue gas and a contract that guarantees the liquid waste can be added to ethanol as an
additive.
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22. Conclusions and Recommendations
The economic analysis provided in this report demonstrates that the plant has enough
economic potential to justify research into designing and testing the industrial sized plasma
reactor PR-4. Specifically, with a number of favorable discussions, the highest estimates of the
IRR for the plant are 33.78%. Even making worst-case scenario assumptions for the disposal of
waste streams and a lack of buyers for the combustible flue gas from the process, the estimated
IRR is still lies in the 13.3%-16.8% range. At its best, this plant will be extremely profitable. At
its worst, this plant may be barely profitable.
For the purpose of profitability, it is recommended that the plant be built somewhere the
natural gas prices are cheap. This is a more important factor than electricity, as natural gas is the
primary raw material and a lot of it is used to make the products for this process. Additionally, it
is critical to secure contracts with other plants to sell the combustible flue gas to. That flue gas
may be used to power boilers of various kinds or for other heating purposes. However, the
profitability of the plant requires pipelining that gas to some location. No profitable design for a
gas processing system for this plant was found.
An additional component is finding a corn ethanol plant that can provide carbon dioxide
for the process. A good relationship with that plant is critical for the success of this process.
Specifically, a corn ethanol plant that is willing to accept ethanol additive and willing to send its
carbon dioxide waste stream to this process is essential.
Finally, it is critical that the design of the PR-4 be proven before a plant of this scale is
seriously considered for construction. The design work done on the PR-4 made numerous
assumptions, each of which is discussed in detail in the Plasma Reactor Design Appendix D of
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the report. The research was based upon laboratory scale findings in non-thermal and lowthermal plasma reactors. A more rigorous proof of concept would be essential to justify building
this plant. An additional area of research should be targeted towards finding a successful catalyst
for this reactor. As mentioned in the reactor design appendix, before a catalyst was scrapped, it
was posited that the best catalyst would be a 12-wt% Cu 12-wt% Ni/y-Al2O3 catalyst. This
would be a good candidate to begin testing. The main objective of any catalyst should be to
increase conversion, as the current conversion rates of 39.4 and 42.3 percent are low considering
that no gas recycle is feasible for this process.
As an added benefit of researching a humid vapor low-temperature plasma reactor, there
are potentially many other projects that could come about from designing a parallel plate DBD
reactor. A few of these, such as the production of methanol or the production of syngas, are
mentioned in the Plasma Reactor Research Appendix C.
Overall, the main goals of this project were accomplished. The plant maximizes
profitability, utilizes a carbon dioxide waste stream, and produces a usable liquid fuel (acetic
acid). Additionally, it justifies research into the design of industrial sized plasma reactors.
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Appendix A: Supplemental Equipment Calculations

A.1: Valves V-1 and V-2
No equipment calculations were performed by hand for these valves. All values were
taken from ASPEN. Additionally, these pieces of equipment are not costed. At the level of detail
required for the design of this plant, the valve systems for these two unit operations cannot be
determined accurately.

A.2: Blower B-1
The Equipment Costing v5 Excel spreadsheet was used to determine the cost of this
blower. The blower was modeled in ASPEN using a compressor to determine the required
horsepower. Then the horsepower was used as the input to the Equipment Costing v5
spreadsheet to get the final cost. The spreadsheet input is provided below in Table A.2.1.

Table A.2.1 Input into the Equipment Costing Spreadsheet v5 for B-1 Cost.

Horsepower

128.91

FM (Materials Factor)

1

A.3: Motionless Mixer MM-1
The MM-1 is a motionless mixer designed by Sulzer. A quote was requested from the
company, however no estimate was provided. A conservative estimate would be a $20,000
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purchase cost for that section of piping with a $2,000 installation cost. The mounting is between
two flanges, which will be simple to install.

A.4: Plasma Reactor PR-4
The design calculations for the PR-4 reactor can be found in Appendix D on Reactor
Design. None of the details are reproduced here, as the design work for this piece of equipment
was substantial. However, the details of the calculations for the cost of PR-4 are provided below.
PR-4 consists of an electrical system, seven slightly pressurized tanks around each
reactor unit, and the constructed reactor itself. The electrical system will be designed entirely by
an outside engineering firm. The quote for this costing analysis is provided by Eagle Harbor
Technologies (EHT). The pressurized tanks can be costed by means of the costing spreadsheet
used for other process equipment in this report. The materials and construction cost for the
reactor itself needs to be estimated without the aid of any spreadsheet or costing tool due to the
unique design of this reactor.
The electrical system will cost a total of $750,000. This consists of a $400,000 nonrecurring engineering (NRE) cost to optimize the system for this particular application. It also
includes the cost of 7 NSP-5000 units from EHT. To a rough approximation, these units each
deliver 1 MW at peak power, and the total power requirement for 6 reactors running at once is
6.528 MW. The cost per unit is approximately $200,000 each (it is assumed installation is
included), but as discussed with EHT may drop by a factor of 4 due to optimization from the
NRE costs. Therefore, the cost for 7 NSP-5000 units is approximately $350,000. As mentioned,
this will include purchase, installation, and optimization of the nanopulser units and electrical
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systems. This is with all favorable assumptions made that go towards reducing the price (e.g.
buying in bulk and that optimization can decrease the purchasing and installation cost of these
units). This is a very rough quote from EHT.
The seven pressurized tanks will cost $176,733 each or $1,237,131 total. These
pressurized tanks need to be larger than the footprint of the tank. Towards that end, they will
have a diameter of 4.92 ft (50% larger than the edge length of the base of the reactor at 3.28 ft/1
meter) and a height of 10.5 feet (larger than the height of 9.84 feet/3 meters of the reactor). The
pressure of the tank is 7.05 psig. The pressure in the reactor is approximately 11.4 psig, so the
reactor, if there is a leak, will force CH4 and CO2 into the pressure vessel. Additionally, the
pressure vessel contains a mixture of CH4 and CO2 as an inert blanket over the reactor. It is an
additional safeguard against oxygen getting into the reactor. Note that in the equipment costing
spreadsheet there is a warning due to extrapolation of the cost. This is due to a shorter height
than the required range for the estimation of ladders and platforms for a vertical pressure vessel.
The height is below the range of 12 feet to 40 feet. However, for the purposes of this estimate,
the calculation provided by the equipment costing spreadsheet is considered good enough. The
inputs for the equipment costing spreadsheet are provided below in Table A.4.1.
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Table A.4.1. Inputs for the equipment costing spreadsheet v5 used to determine the cost of the pressure vessels for
PR-4.

Type

Inner Diameter
(feet)

Length
(feet)

Pressure
(psig)

Pd (psig)

Vertical
tw
(feet)

4.92
taverage (feet)

10.5
Corrosion
tc (inch)

7.05
ts (inch)

11
1
tsrounded tsrounded
(inch)
(feet)

0.00047

0.00221
0.125
Wind/ Earthquake
Y

0.15151

0.31250

E

0.0260
FM

S (psi)

tp
(feet)

13750
Density
(lb/ft3)

0.00198
Weight

490

2862

1

The building materials will include 3808 pieces of 1 meter wide by 1 meter long 1 mm
thick pieces of glass. Additionally, it will require 1904 stainless steel high voltage washboard
electrodes, 1 meter wide by 1 meter long and 1 meter thick. The reactor itself will be in a
concrete setting/frame. It is assumed all insulation and electrical connections required for power
the high voltage electrodes are considered in the price for the electrical system. Therefore, the
cost for constructing the frame of the reactor consists of buying and installing all the concrete,
electrodes, and glass.
First, the material cost of the reactor can be calculated. Alibaba states the wholesale price
of sheet glass at 1 mm thick is anywhere from $1 - $10 per square meter. Assume $5 per square
meter of glass. The total cost of material for glass is $19,040. For grade 304 stainless steel
sheets, the cost on Alibaba is $1,600 per metric ton. For the cost of corrugating the stainless steel
sheets, the price could be upwards of $2,000 per metric ton, but a source could not be found on
that. Because of the corrugation, the actual weight per sheet is more than a flat sheet (the actual
length if not corrugated would exceed 1 square meter). This may increase the total volume of the
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stainless steel bought by approximately a factor of 25%. The density of grade 304 stainless steel
is 7.93 g/cm3 or 7930 kilograms per cubic meter. The total volume of stainless steel in the
reactor is about (1.25) * (0.001 m * 1 m * 1 m * 1904) = 2.38 m3. The total weight will be
18873.4 kilograms or 18.873 metric tonnes. The total cost of stainless steel for the electrodes will
then be $37,746.8. However, stainless steel is also needed for the ground electrodes. This will
consist of 273 pieces of 1 mm thick grade 304 stainless steel per reactor, or 1911 ground
electrodes. These are flat sheets, so the total volume is (0.001 m * 1 m * 1 m * 1911) = 1.911
m3. The total weight is then 15154.23 kilograms or 15.15423 metric tonnes. The cost will be
(15.15423 * $1600) = $24,246.77
The total material cost for concrete will be very minimal. It may be on the order of
$4,000 as concrete costs $125 per cubic yard and the structure for the reactor frame would need
to encase a 21 cubic meter or 27.5 cubic yards footprint.
The complete material cost is then $85,033.57. The bare module factor for a vertical
pressure vessel as cited in Seider et. al. on page 441 is applied to these reactors. The factor is
4.16, so the total cost of constructing and installing the frames and piping for these reactors is
approximately $353,739.65.
An extra 50% should be tacked on to the construction of the frames for the PR-4 units.
This will be for additional materials (e.g. spacers required to provide structural integrity to the
reactor, scrap materials, broken materials, extra labor costs, etc.). After incorporating this cost,
the total cost of installing the reactor frames and piping them would be as much as $530,609.46
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The total cost of the entire reactor complex (including the electrical system, frame,
construction materials, surrounding pressure vessels, and piping) is therefore about $2,517,740.
The cost per reactor is $359,677.
A.5: Knockback Condenser HX-1
All the calculations for the knockback condenser HX-1 were provided in the main body
of the report. They were performed by ASPEN EDR. HX-1 was also priced in ASPEN EDR. The
costing breakdown is provided in Figure A.5.1 below.

Figure A.5.1. The weight and cost breakdown for the knockback condenser as provided by ASPEN EDR.
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A.6: Pump P-1
Results of pump P-1 were calculated by ASPEN and are shown in Figure A.6.1.

Figure A.6.1. ASPEN block results for pump P-1.

The pump was costed using the equipment costing spreadsheet with the inputs shown in
Figure A.6.2.

Figure A.6.2. Equipment costing sheet inputs for pump P-1.
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A.7: Distillation Column DIST-1
The distillation column was designed using the NRTL method in ASPEN and was
designed to separate as much of the acetic acid from the ethanol, methanol, and acetone in the
liquid product stream (S-6) as possible. The column was first design using the DSTWU method
in order to run preliminary calculations and obtain a reflux ratio for the separation. The column
was specified to achieve a bottoms stream that was 0.99 mass fraction acetic acid. With this
specification, the ASPEN reported that the DSTWU column had a minimum reflux ratio of 0.68,
19.9 actual stages with the feed stage on stage 8, and a distillate to feed fraction of 0.32. A stage
analysis calculating the reflux ratio given varying numbers of stages for this column is shown in
Figure A.7.1.

Figure A.7.1. ASPEN Reflux Ratio Profile for distillation column using DSTWU.

Knowing that the minimum reflux ratio (Rmin) was 0.68, the optimum reflux ratio (Ropt)
was calculated by multiplying Rmin by 1.2 to 1.5, giving a range for the Ropt of 0.82 to 1.02.
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According to Figure A.7.1, the minimum number of stages required to achieve an Ropt within this
range is 20 stages. This is the number of theoretical stages that was used for the column.
The column was then modeled in ASPEN using a RADFRAC distillation column in order
to be more accurate. Figure A.7.2 shows the inputs that were specified in ASPEN based on the
results obtained from the DSTWU calculations.

Figure A.7.2. ASPEN inputs for RADFRAC distillation column.

When operating a distillation column between 3 and 7 bar, pressure changes have little
influence on the throughput1. The column was therefore specific to run at 3 bar with a total
pressure drop of 10 psi across the column.
Under these specifications, the column did in fact achieve a purity of 0.99 acetic acid in
the bottoms product (PROD-1 stream), as shown by the stream table shown in Figure A.7.3.
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Figure A.7.3. Stream Table Summary of streams entering and exiting distillation column.

ASPEN was then used to size the column. Using ASPEN’s economic analysis, the
column was estimated to have a diameter of 0.914 meters, as shown in Figure A.7.4.

Figure A.7.4. ASPEN economic & sizing analysis of distillation column.
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However, when the column was further analyzed using column internals, the diameter
was estimated to be 0.709 meters, as shown in Figure A.7.5.

Figure A.7.5. ASPEN column internal analysis.

By the consultants’ recommendations, it was decided that the larger diameter of 0.914
meters would be used in order to be conservative. Sieve trays were chosen because they are
typically the least expensive and have the lowest pressure drop per tray, and a tray efficiency of
50% was assumed as per Bruce Vrana’s recommendation.
The height of the column was calculated by the following process:
(20 theoretical trays)(.5 tray efficiency) = 40 actual trays*(2 foot spacing) = 80 feet + 15 feet for
vapor disengagement = 95 feet
Because acetic acid is a very corrosive liquid, Hastelloy (Fm = 2.95) was chosen as the
material of construction for the column. As for the material of the trays, it was found that at
concentrations of acid above 80%, 316 type stainless steel is typically considered a good choice,
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especially compared to 304 type stainless steel2. 316 stainless steel was therefore chosen as the
material of the trays.
The cost of the column was therefore calculated to be $1,333,914 using the equipment
costing spreadsheet, with all specifications shown in Figure A.7.6.

Figure A.7.6. Input into equipment costing spreadsheet to price DIST-1.

A.8: Condenser HX-2
The partial vapor condenser was designed and sized using ASPEN as recommended by
Bruce Vrana. The equipment costing sheet was used to price the condenser, as shown in Figure
A.8.1.

Figure A.8.1. Input into equipment costing sheet to price HX-2.

An ‘a’ of 9.6 and a ‘b’ of 0.06 were chosen according to Table 16.25.
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Because trace amounts of corrosive acetic acid would be running through the shell-side,
the entire condenser would need to be made out of a material that is resistant to such corrosion,
namely Hastelloy. Since there were not values listed for Hastelloy, the values for
Titanium/titanium were used because Titanium also is very resistant to corrosion and it was
assumed that using the values for expensive Titanium would give a conservative estimate for the
price that Hastelloy would entail.

A.9: Reboiler HX-3
The kettle reboiler was designed and sized using ASPEN as recommended by Bruce
Vrana. The equipment costing sheet was used to price the condenser, as shown in Figure A.9.1.

Figure A.9.1. Input into equipment costing sheet to price HX-2.

An ‘a’ of 9.6 and a ‘b’ of 0.06 were chosen for the same reason described previously in
A.8.
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A.10: Heat Exchanger HX-4
The heat exchanger used to chill the acetic acid product was first simulated in ASPEN
Plus, using the HX subroutine to determine the amount of cooling water required. To obtain a
price for the heat exchanger, the details from ASPEN Plus were used as inputs for the ASPEN
EDR software for a one shell pass, one tube pass bonnet (B) type heat exchanger. Table A.10.1 is
the equipment costing information provided by APEN EDR for HX-4, and Table A.10.2 is the
results summary for the designed heat exchanger from ASPEN EDR.
Table A.10.1. HX-4 EDR Equipment and Installation Cost Summary
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A.11: Heat Exchanger HX-5
HX-5 is a heat exchanger used to cool and condense the gaseous product removed from
the reflux accumulator (TANK-3). ASPEN Plus was used to calculate the amount of cooling
water required for this heat exchanger. Cooling water enters the exchanger at 90 °F and exits at
100 °F to maintain a minimum temperature approach of 10°F between the shell and tube streams.
This allows the gaseous product to be cooled to 110 °F, which condenses more than 99% of the
WASTE-1 stream. Figure A.11.1 is a screenshot of the ASPEN Plus results for the HX
subroutine results, which were then used to obtain the cost of the heat exchanger.

Figure A.11.1. Screenshot of HX-5 ASPEN Plus model results.
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A.12: Other Pumps: P-2, P-3, P-4, and P-5
Pumps P-2, P-3, P-4, and P-5 were priced using the equipment costing spreadsheet. The
inputs (shaft power, head, and pressure increase) and resulting prices are tabulated in section
15.17 of the body of the report. To determine the shaft work, Equation A.12.1 was used. To
determine pump head, Equation A.12.2 was used.
𝑊𝑠 = 𝑄∆𝑃
𝐻=

∆𝑃

(A.12.1)
(A.12.1)

𝜌𝐿

A.13: Tanks (TANK-1A/1B, TANK-2, TANK-3)

The tanks were designed to lay horizontally with a length to diameter ratio of 3:1. Using
the formula for the volume of a cylinder and the length to diameter ratio, the diameter (D) and
length (L) of each tank was calculated from the volume of each tank using Equation A.13.1 and
Equation A.13.2.
3

36𝑉

𝐿=√
3

𝜋

4𝑉

𝐷 = √3𝜋

(A.13.1)

(A.13.2)

TANK-1A and TANK-1B are product holding tanks, used for quality control. Because of
this, the tanks are designed to be used for alternating eight-hour shifts. To avoid overflowing the
tanks when filling, the tanks are designed to accommodate 12 hours of continuous 62.5 kg/min
flow of acetic acid. TANK-2 is designed to hold a week’s amount of continuous 62.5 kg/min
acetic acid production. The dimensions and specifications of these tanks are recorded in the
specification sheet section, Section 16, and all tanks were priced using the equipment costing
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spreadsheet, constructed with Hastelloy material. The reflux drum accumulator (TANK-3) was
sized to be large enough to allow the liquid to settle for the reflux accumulator and came out to
be 8.9 ft in length and 3 feet in diameter. Priced as a Hastelloy pressure vessel using the
equipment costing spreadsheet, the cost was determined to be $178,428.
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Appendix B: Process Alternatives
B.1: Natural Gas Turbine
Natural gas will be coming from a pipeline and being mixed with carbon dioxide at
ambient conditions. Therefore, it is necessary to reduce the pressure of the natural gas before it is
mixed with the carbon dioxide. The natural gas comes off of the pipeline at approximately 200
psig or 14.8 bar and at ambient temperature. This is within the range of pressures stated for a
natural gas pipeline by the American Gas Association.1 The goal is to lower that pressure down
to 14.3 psig.
One option for lowering the pressure of this natural gas is to run it through a turbine. This
option was modeled in detail on ASPEN to determine if the energy recovered from the turbine
would be worth the energy required to reheat the gas stream afterwards back up to ambient
conditions. In the ASPEN model, the natural gas stream was modeled by a stream that was
composed 100% of methane.
In order to model the turbine, it is first necessary to determine an isentropic efficiency.
Seider et. al. suggests that the turbine efficiency ranges anywhere from 0.75 to 0.85.2 For this
turbine, however, it is large enough that the scale suggests it can even be as high as a 0.9
efficiency. The total gas processing of the turbine is 5904.55 moles per minute of methane. The
ASPEN model will therefore have a single stream of 5904.55 moles per minute of methane at 30
C and will be run through a turbine with a 0.9 isentropic efficiency. It will then be run through a
heater thereafter to determine how much energy would be required to heat the stream back up to
a reasonable temperature for mixing with ambient humid carbon dioxide and some steam.
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The results were that the methane stream dropped to -76.93 C and a pressure of 14.3 psig
after the turbine. The total energy recovered from the turbine was substantial, at 345.642 kW.
However, the heat required to increase the temperature of the methane stream from -76.93 C to
30 C at 14.3 bar was 365.149 kW. This means that more energy would be used in heating than is
provided by the turbine itself. The thermodynamic property used in the simulation was NRTLRK.
The only other piece to consider is that this cold methane is going to be mixed with 30 C
humid carbon dioxide and 150 psig steam. The 150 psig steam could feasibly heat up the
methane enough to get everything towards room temperature. This was also modeled in ASPEN,
with the humid carbon dioxide, 150 psig steam, and cold methane coming together in a mixer.
The goal of the mixing would be to provide a humid gas stream for the PR-4 reactor.
With the mixing option, the resulting stream was 7.91 C. There was significant warming
due to the steam fed into the mixer. However, the heater used to increase the temperature of the
stream back up to ambient 30 C used 426.52 kW, more than the arrangement without mixing.
Therefore, it is not worthwhile to have this mixing arrangement with a turbine. The
thermodynamic property used in the simulation was again NRTL-RK. Running the simulation
again with the temperature of the mixed stream only being heated to 25 C, the amount of energy
required for heating was 320.683 C. The amount of electricity gained was 24.959 kW, but this
was not a large enough electricity gain to justify the extra capital cost of a turbine as compared to
valves.
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B.2: Feedstock Storage Tanks
Feedstock storage tanks were considered for this project, one for natural gas or methane
and the other for carbon dioxide. After analysis of the cost of these units, it was determined that
feedstock storage tanks for these gaseous components would be unfeasible. The principal reason
is because the footprint required to store these gasses at ambient conditions is enormous, and the
cost is prohibitive compared to whatever insurance would result from having a shift's worth of
extra gas on hand in case of some problem with the pipeline.
The carbon dioxide storage tank would have been designed to store several hours’ worth
of carbon dioxide feedstock from the corn ethanol plant that it is being piped from. This would
be in case the corn ethanol plant is experiencing downtime for any reason and the pipeline cannot
provide any carbon dioxide. The goal would be to have one shift’s worth of carbon dioxide on
hand, or about 2,400,000 ft3 of carbon dioxide gas (enough for the 5000 SCFM usage rate of
carbon dioxide feed gas to continue). This would require a floating roof tank, designed to expand
with the addition of more carbon dioxide. Specifically, the volume of this tank would be
17952000 gallons. The cost from the provided costing spreadsheet for such a tank is over 10
million dollars. This is clearly unfeasible, and the benefits do not outweigh the costs.
The other option would be to pressurize the carbon dioxide and store it in a pressurized
tank. The option of pressurizing would require an enormous compressor. In the current plant
design, the group has been careful to avoid compressors as they are very electrically expensive.
As such, it would not be a good idea to include a compressor for the sole purpose of creating a
tank that has 8 hours of additional capacity for running the plant, especially given that the
product the group is making is not of particularly high value but rather is a common commodity
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chemical. Furthermore, a pressurized tank would need some kind of throttle system to drop the
pressure of the gas once it is being used before it can enter the regular piping from the pipeline.
Similar problems exist for the methane storage tank. If it is stored at ambient conditions
and pressure, it will necessitate a huge tank. The only difference with methane is that a
pressurized tank is feasible. The methane provided from the pipeline will be at a much higher
pressure than ambient pressure, so a much smaller tank is necessary. This makes a pressurized
tank feasible. However, the methane pipeline is a very reliable source of pipeline. The conditions
for which the methane pipeline would be down would be something like a natural disaster or a
large problem with the methane suppliers. This is more unlikely than the corn ethanol plant
going down for a period of time due to a safety concern, a fire, etc. If something that disastrous
were to occur to cut off access to the methane pipeline, it is likely that the corn ethanol plant
would go down for some time anyway, and without storage of carbon dioxide, the stored
methane would be useless. Therefore, because carbon dioxide is not being stored and it is more
likely to experience interruptions than the methane pipeline, no methane storage tank will be
used in the plant either.

B.3: Two Distillation Columns
The option of having a distillation train of two shorter columns instead of one tall column
was considered but ultimately denied due to the higher cost required. The cost of one column
was estimated using the equipment costing sheet to be $1,333,914 (explained in A.6). The
column was estimated to have 40 actual trays and a height of 95 feet. Had the column been spilt
up into two columns of 20 trays with heights of 55 feet each (20 trays*2 foot spacing + 15 feet
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for vapor disengagement), the total cost of the columns would have been $1,635,368, as shown
in the calculations performed using the equipment costing sheet shown in Figure B.3.1.

Figure B.3.1. Input into equipment costing spreadsheet for two distillation columns instead of one.

It was presumed that due to the high cost of the Hastelloy needed to construct each of the
columns, and therefore two sets of condensers, reboilers, reflux accumulators, and reflux pumps,
building just one column would be more feasible than building two.
B.4: Gas Processing Systems
The knockback condenser separates the majority of the gaseous reaction products from
the desired liquid oxygenate products. From the knockback condenser, this stream is flammable
and has a heating value that allows this stream to be sold to a nearby plant. This design decision
was chosen over two competing options. Since much of the carbon dioxide fed to the reactors
leaves unreacted, recycling this gas back to the feed was considered the best option, but this
would require either separating the carbon dioxide from the other gas products or completely
oxidizing the gas stream to carbon dioxide and water with pure oxygen. The first option
considered was to implement a MEA carbon dioxide absorption and regeneration process, and
the second option was to burn the gas stream with pure oxygen while generating electricity for
the plant. It was decided that both processes would be too expensive to implement, especially
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since the cost of carbon dioxide for the feed is negligible. In addition to this, the process of
burning the gas stream would create more carbon dioxide than the process requires, making the
process inviable.

B.4.1: MEA carbon dioxide absorption and regeneration process

Figure B.4.1.1. Main Flowsheet from ASPEN Plus template for MEA CO2 removal from natural gas combustion

One method explored for recycling the unreacted carbon dioxide from the gas stream was
a system of first removing the carbon dioxide from the flue gas stream and recycling that stream
back to the reaction. This process involves two main steps: an absorption column using
ethanolamine (MEA) as an absorption medium and a stripping column for regenerating the
carbon dioxide. ASPEN Plus has a template for this process built-in (ENRTLRK_Rate_Based_MEA_Model – 1.apw) that processes 159 lb/hr of flue gas. Figure B.4.1.1 is a
screenshot of the main flowsheet from this ASPEN model. The process would require 37,000
lb/hr of flue gas to be processes, so this ASPEN model is on a much smaller scale. ASPEN
estimates the cost of the small-scale process to be $2.9 million. The process would need to feed
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around 230 times the amount fed in the model. Although the price from ASPEN is considered
unreliable, this process would more than likely be more expensive than the price quoted for the
small-scale system. Since the carbon dioxide feed stream is of little or no cost to this plant, it
would not be economical to implement a muti million dollar system for recycling the carbon
dioxide. For this reason, the MEA process for removing and recycling carbon dioxide was ruled
out.
B.4.2: Pure oxygen combustion with electrical generation and recycle

Figure B.4.2.1. Main Flowsheet from the ASPEN model for the flue gas combustion and carbon dioxide recycle

Another possibility for processing the flue gas stream would be to burn the flue gas
stream in pure oxygen, separate the resulting mixture of carbon dioxide and water, and recycle
the carbon dioxide. Figure B.4.2.1 is a screenshot of the Main Flowsheet from this ASPEN
model. Pure oxygen would be purchased and mixed with the flue gas stream, then be combusted
in either a furnace or turbine to produce either electricity or heat. From there, a flash would be
used to separate the water from the carbon dioxide. The carbon dioxide stream would then be
split into two streams. The recirculating stream would be mixed into the mixture of oxygen and
flue gas to reduce the methane concentration below the upper flammability limit in carbon
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dioxide to make the mixture flammable. The other carbon dioxide stream would be recycled to
the process feed for the plasma reactors. There are two glaring problems with this proposal. First,
37,740 lb/hr of pure oxygen would need to be purchased for complete combustion of the flue gas
stream. The second problem is that the recycle stream would have a flow rate of 52,172 lb/hr,
which is greater than the 34,999 lb/hr required for the feed to the plasma reactors. Because of
this, this alternative for processing the flue gas was ruled out.

B.5: Bibliography
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Appendix C: Plasma Reactor Research
C.1: Introduction
The purpose of this section of the appendix is to introduce readers who may not have
experience in plasma chemistry to a range of early stage research performed by the group into
plasma catalysis. The main thread running through this research overview is the use of plasma in
the dry reforming of methane, as the PR-4 reactor produces syngas as one of its main products
and it utilizes similar chemistry given that carbon dioxide and methane are the two of the three
gasses fed to the reactor. Additionally, the research into plasma reactors for the dry reforming of
methane is more robust than many other applications. However, some discussion on the use of
plasma reactors to form alcohols is discussed. Also, while a catalyst was eventually rejected from
the design of the plasma reactor in this project, it remains a promising part of plasma chemistry
going forwards if scientific advancements can discover how catalysts may be able to tune the
selectivity of plasma reactors favorably.
This appendix begins with a broad introduction to plasma catalysis. It then discusses
plasma reactors as an alternative to dry reforming of methane. Later, it discusses plasma
reactors’ potential to produce other products. It ends with a discussion about the design
parameters of plasma reactors and how those can influence conversions of reactants.
Additionally, throughout this appendix the mechanisms behind plasma chemistry reactions are
discussed.
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C.2: An Introduction to Plasma Catalysis
A plasma is a gas within which a significant amount of ionization is occurring as a result
of interactions with high energy electrons all while in an electric field (at least typically).1 The
main feature of a plasma are its free electrons which excite other species and produce ions,
radicals, and excited molecules. A plasma can be measured by electron density, ionization
percentage or ion density, and the energy of electrons within the gas (electron temperature).2 A
plasma is electrically neutral overall.
There are two types of electrical discharges possible for a typical plasma catalyst reactor.
The first is a surface streamer (or a filamentary discharge). This is a streamer discharge that is
channeled through the voids of catalyst material from one electrode to another. The second
discharge type are microdischarges (also called surface discharges). This occurs at or near
contact points of catalyst particles or between catalyst particles and an electrode. These are
electron discharges where the electric field is augmented by the catalyst particles’ dielectric
properties. The type of discharge produced in a plasma reactor has to do with the percent packing
of the reactor. If the reactor is packed fully, microdischarges will be dominant. Otherwise,
filamentary discharges will have enough space to be present and may dominate. Both may occur
simultaneously within a reactor, filamentary discharges through voids in the packing and
microdischarges between dielectric surfaces.3
Plasma catalysis has multiple varieties, but for this project the type proposed is nonthermal plasma (NTP) catalysis. This means that the temperature of the electrons used to create
the plasma are much hotter than the bulk gas. The reactive energy is coming not from thermal
effects, but from the electrons bombarding the gas phase. The energy from electrons provides the
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ability to reach reactive transition states. This enables thermodynamic barriers to be surmounted
while maintaining ambient conditions. Exothermic reactions in particular are benefitted by
ambient conditions and thereby nonthermal plasma. The low temperature means that heat will
not favor production of reactants in a Le Chatelier’s fashion.
Plasmas have many species that participate in reactions. They can include vibrationally
excited molecules, electronically excited molecules, electrons, ions (both positive and negative),
radicals, and potentially free neutrons and protons as well. These species are very reactive and
often react in unpredictable ways. Additionally, they do not remain in a stable condition for very
long. In this manner, plasma reactions are referred to as non-equilibrium in character. However,
unstable intermediates, if bound to the surface of a catalyst, can last for much longer than they
would survive in the gas phase (on the order of minutes compared to 10e seconds). Additionally,
-5

the reaction rates in a plasma reactor are very fast. The interaction of a catalyst and plasma
typically alters either the pre-exponential constant in the Arrhenius constant rate form or the
activation energy. Another potential benefit could be an improved selectivity for a certain
product when using a plasma catalysis reactor (made possible either by plasma interactions or the
nonthermal operation of the process).
It is desirable for a plasma and a catalyst to have a synergistic effect on one another. One
way a catalyst can improve a plasma is by enhancing local electric fields at contact points. For
example, the dielectric properties of some catalyst pellets enable a polarization of the metal
coating such that a local electric field is produced between catalyst pellets thereby improving the
performance of the plasma (usually by having a larger electron density or a higher concentration
of ions present). These electric fields can also produce electrons of a greater heat. There is also a
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tradeoff on the size of catalyst pellets or other packing materials. On the one hand, it is desirable
to make the pellets small to increase the surface area for reaction over the catalyst. However, this
will decrease the strength of the local electric fields created from the plasma catalyst interaction
as well as decrease the residence time within the reactor.4 Both of these factors will reduce the
reactor’s performance.
Another factor to consider is that the voids between catalyst pellets can produce a
channeling effect on the discharge of a reactor. Streamers (areas of high electron density) can
propagate easily through voids at higher voltages, if there is enough void space within the
reactor. At lower voltages, plasma is instead concentrated near the constant points of metal
catalyst pellets. Important considerations include the gap size between catalyst pellets (which
involves the structure of the catalyst within the reactor) and the dielectric properties of the
catalyst pellet.
There is an important trade off when considering how a dielectric constant of a catalyst
pellet impacts a plasma. With a larger dielectric constant, higher energy electrons may be
produced due to a greater electric field between catalyst pellets. However, the electron density
and ion density will be reduced and the discharge type may be altered.5 This is due to the fact
that too strong of an electric field between catalyst pellets will favor microdischarges, not
streamers, and the electrons will become adsorbed to catalyst surfaces with strong electric
fields.6 This will have the effect of creating a more energetic plasma but less total plasma in the
reactor overall. Less plasma will be in contact with the catalyst surface. This suggests there will
be a sweet spot for the dielectric constant for any catalyst pellet which may be different
depending on the constituent species of the gas phase.
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Another avenue for synergistic effects are microdischarges within catalyst pores. Plasma
infiltration into pores is dependent upon pore depth and the dielectric properties of the catalyst
metal. Additionally, the percent ionization, the electron density, and the electric field strength
will be a function of position within the pore. There are cases where the plasma can not penetrate
the pore at all. This is due to a dielectric constant being too high (canceling the polarization of
the electric field on both sides of the pore) or the pore diameter being too small. If the pores are
too small, electrons can be repulsed from the pore. Plasma streamers are able to propagate into
pores with a diameter larger than the Debye length.
Another consideration is how desorption of new species impacts the plasma, however not
enough research and modeling has been done in this area to have a definitive answer. Finally, a
catalyst or even a non-catalytic packing material can decrease the voltage at which plasma onset
occurs (the breakdown voltage), but this does not always occur. It will depend on the dielectric
properties of the packing material.
A catalyst interacts with chemical species in a reaction following four steps. The first step
is adsorption. Species need to adsorb to the catalyst to have an effect on molecules and reactions.
Adsorption has two principle routes: chemiosorption (akin to a chemical bond) and Van der
Waal like attractive forces between a species and the catalyst. The second step is surface
diffusion of reactants. Reactant molecules need to move to an active site on the catalyst surface
in order to react. The third step is the reaction itself. Sometimes, the reaction depends on
molecules that are not bound to the catalyst, such as species in the bulk gas phase. Other times,
the catalyst reacts species that are bound in adjacent active sites. Another possibility is that the
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catalyst reacts the molecule by itself. The fourth step is desorption, returning the product species
to the bulk phase.
In principle, a plasma can impact any four of these steps of a catalyst. For example, a
plasma can change the morphology of a catalyst particle. This includes the catalyst structure and
the structure or placement of activation sites.7 It can thus change the surface area available for
binding of chemical species. It can also change the oxidative state of the catalyst8. Furthermore,
the plasma may produce hot spots on the catalyst surface where the catalyst is in direct contact
with the plasma or microdischarges.9 Additionally, the reactions that occur on the surface of the
catalyst may change. For example, by changing the electronic structure of the catalyst the rates
of reaction on the catalyst pellet may change.10 It may decrease or increase the Arrhenius preexponential factor. It may also change reaction pathways on the catalyst surface. Studies have
shown that certain catalytic reactions in the presence of a plasma have a lower activation energy
to reach the transition state of the reaction.11
Some plasma catalyst interactions are harder to quantify. For example, intermediate and
unstable species from a plasma may be able to reach and bind to a catalyst surface if those
species are created within approximately fifty micrometers of the catalyst surface. Otherwise,
unstable intermediates created by the plasma will likely not reach the catalyst surface as they
aren’t stable for a long enough time. The reactions that occur with these intermediates are hard to
quantify and more research needs to be done into how elementary reactions change with
intermediates from a plasma interacting with a catalyst surface. Additionally, electrons from the
plasma can knock species that are adsorbed onto the catalyst surface off or react with species that
are currently adsorbed to the catalyst surface. Other plasma catalyst effects are useful for specific
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reactions and reactor designs. For example, plasmas can also decoke or act to regenerate
catalysts. This effect is most prominent on organic material.
Non-catalytic packing material can also be used to increase the efficiency and production
capabilities of a plasma. An example of this material would be quartz wool. Packing material has
three competing effects. Some of these effects help conversion or efficiency while others hurt it.
First, the packing can improve conversion or efficiency by enhancing the electric field at or near
contact points of packing materials. This is caused by the dielectric nature of some packing
materials. The second is a decreased residence time by reducing the void volume of the reactor.
The gas will spend less time in the plasma if too much packing is used which could decrease
conversion. These first two effects are competing. Generally, a more tightly packed reactor with
either catalytic or non-catalytic material and an appropriately chosen dielectric will have stronger
local electric fields and a better plasma. However, conversion can be reduced with the reduced
residence time. The third is the void spaces between the packing can have a positive or negative
impact on the plasma’s abilities. If they promote streamer channeling it can help the plasma
perform. If they reduce the electric fields (potentially by conducting electricity too well) they
may hurt plasma performance or keep electrons out of large portions of the reactor.
Ultimately, the packing structure, chemical composition, morphology, topology, and size
of catalyst packing is all of the utmost importance. The catalyst and plasma will have a complex
interaction with each other. Many competing effects exist and there is still a lot of research being
done to quantify how parameters can be manipulated to maximize conversion or plasma
efficiency in a non-thermal plasma catalyst reactor. There are also many combinations of
catalysts and plasmas that have not yet been studied. Finally, it should be mentioned that in the
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absence of packing material and catalysts, a plasma reactor will be dominated by surface
streamers (filamentary discharges).
The other important topic to introduce is what is known as a dielectric barrier discharge
(DBD) reactor. DBD reactors are a subsection of plasma reactors. They can be packed with
catalyst or packing material or left without any packing whatsoever. These reactors consist of
two plates that are spread apart over a distance and act as electrodes providing the electrical
discharges necessary to form plasma. There is a minimum voltage requirement, called the
breakdown voltage, that must be met to initiate plasma within the gas of these reactors. This
breakdown voltage is increased the further the electrode plates are spread apart.12 The breakdown
voltage is also dependent on the pressure of the gas within the reactor.13
DBD reactors, unlike many plasma reactors, are silent. This is due to the absence of spark
discharges within the reactor. The lack of spark discharges is caused by the dielectric barrier
within the reactor.14 For example, in the carbon dioxide and methane gas DBD reactor presented
in Wang et. al. the dielectric barrier is water. The arrangement of the electrode plates can be
parallel or coaxial in a DBD set-up. Dielectric material used within the reactor is usually
permeable and used to avoid flashover within the reactor.15
A common unit of measurement for the energy efficiency of a plasma reactor is the
specific energy input (SEI). SEI measures the energy put into every molecule of gas entering the
reactor (eV/molecule) or every joule per cubic centimeter of gas feed (J/cm3). Thus for similar
conversion and selectivity performances, a lower SEI is desirable. It is akin to a specific energy
requirement for a given endothermic reaction. Additionally, another way of classifying
performance for a plasma reactor is energy density with units of W/cm3. It is the quotient of the
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SEI and the residence time of the gas. For DBD reactors, the energy density typically has an
upper threshold based on the capacitance of the dielectric materials within the DBD reactor.16 Its
magnitude also determines the number of filamentary discharges within the reactor.17 Finally,
while SEI and energy density are useful quantities to measure the performance of a reactor, these
macroscopic quantities can only go so far. This is demonstrated by how a plasma’s performance
can change with the gas’s composition.18 The performance may decrease or increase based upon
the conversion of the gas feed throughout the reactor.
One more discussion point for plasma reactors, including DBD reactors, is the conversion
and energy efficiency trade off. Specifically, as the power input (SEI) to the reactor increases,
the conversion increases.19 Higher energy electrons will abound and help to dissociate species,
excite species, and generally progress chemical reactions towards products. However, a larger
power input means there is a larger energy requirement per molecule. The reactor will become
less efficient. Therefore, it is ideal to combine a catalyst and plasma reactor such that a sweet
spot can be found between energy efficiency, the economics of the reactor, and conversion to
products.
The discharge gap within a plasma reactor is also a very important design consideration.
A narrower discharge gap will lead to an increase in discharge strength, a higher electron
density, and a higher conversion of reactants (if the power input to the reactor is maintained at a
constant level).20 On the other hand, increasing the discharge gap could be desirable to increase
flow rate through the reactor, but it will have the side effect of a weaker plasma. More energy
would be required to produce plasma of a similar intensity (electron energy and electron/ion
density). Furthermore, there will be a point when the discharge gap is too large to feasibly run
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any plasma reactor at. A goal of this reactor design will be to balance the requirements for flow
rate through the reactor versus the strength of the plasma required to convert reactants into
products.
Another factor to take into account with the design of a plasma reactor is how the voltage
is applied to the electrodes. For example, voltage may be varied along a sinusoidal input.
Another option would be to pulse the voltage in the reactor or to provide a square voltage input.
These choices will have an impact on the conversion and strength of plasma that is attained
within the reactor.21
The design of a DBD reactor usually includes a high voltage electrode and a ground
electrode. For the purposes of this reactor design, the high voltage electrode will be in the middle
of the coaxial arrangement with the ground electrode surrounding it (if a tubular design is used as
the final design).

C.3: Traditional Methane Reforming Versus NTP Catalytic Methane Reforming
Traditional methods of creating syngas include steam methane reforming and dry
methane reforming. The reactions are listed below with approximate heats of reaction:
CH4 + H2O → 3H2 + CO ΔH = 206 KJ/mol
CH4 + CO2 → 2H2 + 2CO ΔH = 247 KJ/mol
Oxygen can be used as another source of methane oxidation to form syngas. This reaction
is endothermic and is written as:
CH4 + 0.5O2 → 2H2 + CO ΔH = -36 KJ/mol
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These traditional routes for production of syngas from methane require high energies and
also the use of a catalyst. This is due to the thermodynamic barrier that must be surmounted to
perform these reactions using traditional means. For example, for steam methane reforming
typical temperatures for this process can reach above 800 degrees Celsius, produce coking on
catalysts, and produce NOx and other byproducts that are harmful to the environment.22 For dry
methane reforming the temperatures can still be above 700 degrees Celsius with significant
coking of catalysts.23 Furthermore, if the reaction is taking place in a fixed bed, the heat transfer
within the reactor will be very poor. This will provide additional wear on the materials within the
reactor.
The thermodynamic barrier for syngas production and carbon coking can be explained by
the Boudouard equilibrium.24 This reaction demonstrates that at a low temperature, CO favorably
produces solid carbon and carbon dioxide. Therefore, even if conversion occurs, a significant
amount of products that are made are solid carbon and in many cases water vapor. This can be
seen in Figure C.3.1 which demonstrates the effect of temperature and pressure on equilibrium
mole fractions of products in DMR.25
Water vapor production may also be
explained by the oxidation of hydrogen
gas at low temperatures.
An additional disadvantage of
thermal SMR is the reverse water gas

Figure C.3.1. The effect of temperature on the equilibrium mole
fraction of various species in dry methane reforming.

shift reaction. The reverse water gas shift reaction in thermal catalytic methane reforming is
prevalent due to its endothermic nature and the high temperatures required in the SMR process.26
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In principle, this reaction pathway still exists at standard temperatures and pressures (which is
what an NTP form of SMR and DMR would run at) but it is less favorable as it is an
endothermic reaction.
Overall, the large energy input required to maintain high temperatures for these reactions
provides the potential for significant economic and environmental benefits by rethinking the
process and using a different technology for methane reforming. This, combined with less
catalyst coking and increased reactant conversion, makes NTP catalysis a promising new
technology that may be used to create a much more efficient process.

C.4: NTP Catalytic DBD Methane Reforming
Methane reforming can take two pathways to produce syngas in a DBD reactor. The first
is through a combination of methane and water vapor (akin to steam methane reforming). The
energy efficiency of methane reforming with water vapor in a DBD reactor can become as high
as 50-80% with a Ni/y-Al2O3 catalyst.27 The reaction rate of this pathway was found to be more
dependent on the concentration of methane present than water vapor.28 However, the use of
plasma was not found to decrease the activation energy of the SMR reaction.29 This suggests that
the plasma does not change the reactive pathway with regard to SMR and the Ni/y-Al2O3
catalyst.30 The presence of plasma generated species did not substantially alter the pathway.
One important boon of the SMR pathway is the potential for water vapor to decoke
catalysts and regenerate active sites within a plasma reactor.31 This would increase the number of
apparent active sites for the catalyst over the course of the catalyst’s lifetime. The mechanism
behind this is a reaction between vibrationally excited water vapor and solid carbon.32
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C + H2O → CO + H2 ΔH = 131 KJ/mol
This reaction also may apply to DMR by two pathways. The first is still by water vapor.
While the presence of water vapor is reduced in DMR due to there being no water vapor present
in the gaseous feed, if water is used as an electrode or dielectric material in a DBD reactor, water
vapor will phase equilibrate with the gas bubbling through the reactor and may help to decoke
catalyst particles. The second pathway is a reaction between plasma activated carbon dioxide,
e.g. vibrationally excited carbon dioxide, and solid carbon.33 That reaction is presented below.
C + CO2 → 2CO ΔH = 172 KJ/mol
Figure C.4.1 presents the difference between coke
yield in a thermocatalytic DMR reactor versus a plasma
catalytic DBD reactor, both at 550 degrees Celsius.34 The
reaction above is called the reverse-Bouduard reaction. It
was found to significantly decoke catalyst at a low
CH4/CO2 feed ratio.35 Another finding was that the main
source of carbon deposition was methane cracking from
CH4 → C + 2H2 in plasma reactors.36 A net zero coke

Figure C.4.1. Comparison of the yield of
coked carbon on a catalysis between a
thermocatalytic reactor and a plasma reactor.
The blue line represents coking in the plasma
reactor, the red line represents coking in the
thermocatalytic reactor.

formation was found at a ratio of CH4/CO2 of < 0.67.37 This is for a conventional NTP DBD
catalytic DMR reactor.
Solid carbon can also be oxidized by water vapor, as mentioned above, to produce
syngas. One study proposes that water vapor oxidizes solid carbon more readily than the reverseBouduard reaction.38 In fact, one of the findings of this paper is that the reverse-Bouduard is
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actually helped to become more effective by water vapor in a catalytic fashion.39 The reaction
scheme is summarized below:
H2 + CO2 → CO + H20
C + H2O → H2 + CO
Overall is the reverse-Bouduard reaction: C + CO2 → CO + CO

Overall, the presence of water vapor helps to
produce H2 by reacting with methane and helps to decoke
the solid carbon produced by methane. The total reaction
scheme is presented in Figure C.4.2.40
The second methane reforming pathway is dry

Figure C.4.2. Tentative reaction scheme for
water vapor and carbon dioxide decoking
solid carbon in a plasma reactor.

methane reforming. This will combine CO2 and CH4 to produce syngas. At least three
mechanisms for DMR exist in a plasma
catalysis reactor. The first is the LangmuirHinshelwood mechanism. This is identical to
Figure C.4.3. A schematic for how plasma catalysis can
generate syngas. Two mechanisms are demonstrated, dry
reforming and steam reforming of methane. This is called the
Langmuir-Hinshelwood mechanism.

the mechanism that explains DMR in a
conventional methane reforming reactor.41

In this mechanism, the methane binds to a nickel site, is transported along the surface of the
catalyst to the metal oxide support, and then reacts with a bound carbon dioxide molecule as a
CHx intermediate. A schematic of the reaction is provided as Figure C.4.3.42 Figure C.4.3 also
shows reactions with coked carbon to form syngas.
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A second mechanism for syngas formation within a plasma reactor is the binding of
vibrationally excited methane molecules to the catalyst. This may be the main mechanism for
methane adsorption to a catalyst as vibrationally excited methane molecules will bind with a
higher probability than methane molecules in the ground state to certain catalysts.43 The rate of
binding will depend upon the concentration of excited methane molecules in the plasma, e.g. if
the plasma is weak and the concentration of excited molecules is low, this mechanism may not
be dominant. The vibrationally excited methane molecules bind via chemisorption, dissociating
into a CH3 molecule and a H atom upon being adsorbed to the catalyst. This adsorption is
presented in Figure C.4.4
to the right.44 These
adsorbed species go on to
interact with carbon
dioxide following a

Figure C.4.4. A schematic representation of (a) precursor-mediated adsorption and (b)
Eley-Rideal mechanism in a plasma reactor.

mechanism similar to the
Langmuir-Hinshelwood mechanism.
A final possible mechanism is the Eley-Rideal mechanism. This mechanism involves
excited molecules (vibrationally or electronically excited for example) reacting with molecules
adsorbed onto the catalyst surface by means of a collision.45 Depending on the species colliding
and the excitation of the impinging molecule, the products for this reaction are variable.
All three mechanisms (and potentially many others) will account for production of syngas
within the plasma reactor. The extent to which each contributes will be determined by the
strength of the plasma, the role of the catalyst, as well as the energy input into the reactor.
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As in thermocatalytic DMR and SMR, reverse reactions are possible with increasing CO
and H2 concentrations.46 These include reverse DMR and the Sabatier reaction, presented below:
2CO + 2H2 → CH4 + CO2 ΔH = -247 KJ/mol
CO2 + 4H2 → CH4 + 2H2O ΔH = -113 KJ/mol
Ni/y-Al2O3 catalyst can be used to catalyze both of these reactions.46 These reactions
will be temperature dependent and are expected to be present in any methane reforming reactor
with or without plasma.
Another consideration for methane reforming is what plasma does with carbon dioxide.
As mentioned previously, carbon dioxide is critical to methane reforming, but the way in which
plasma interacts with carbon dioxide is another topic entirely. To begin, there are multiple ways
in which plasma can interact with carbon dioxide. The first is by dissociation. For example, the
energy required for an electron to dissociate carbon dioxide via a collision is roughly 5.5 eV.47
This reaction can be written as:
CO2 + e- → CO + O + eWhen the average energy input into the reactor per molecule is too low, this dissociation
is impossible. For example, at a low SEI of around 1 eV/molecule, carbon dioxide dissociation
has been found to occur in less than 1% of molecules as the electrons don’t have enough energy
to break apart the carbon dioxide molecule.48 However, DBD reactors can typically produce
electrons within the 1-10 eV range.49 Therefore, the dissociation of carbon dioxide to form
carbon monoxide as part of a process to produce syngas is a viable pathway for production.
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Another pathway is by decomposition of carbon dioxide. This occurs after electronic
dissociation with a free oxygen atom.50 The reaction may also involve a vibrationally excited
oxygen atom on the carbon dioxide molecule. The reaction will look like
O + CO2 → CO + O2
Other reactions include production of solid carbon (coking) and reverse CO2
decomposition. The two reactions are listed below.
CO + e- → C + O + eCO + O → CO2
All of these carbon dioxide and monoxide reactions (dissociation, decomposition, and
reformation) occur within the gas phase by interaction with electrons or vibrationally excited
reactants.
As mentioned, the conversion of carbon dioxide is heavily dependent on two parameters:
residence time and power input to the reactor.51 At a higher residence time, the carbon dioxide
molecules spend a significant amount of time within the plasma and it promotes conversion to
products. The effect of a larger power input also promotes conversion by a higher intensity in the
discharges inside the reactor. These factors should be balanced against considerations for desired
flow rate through the reactor as well as the energy efficiency of the reactor.
One worrying reaction is carbon dioxide reformation as the primary goal of the reactor is
to take carbon dioxide and react it. The pathway for reaction requires free oxygen species,
potentially O2, O, and O .52 One potential fix for this in plasma reactors is to use a solid oxide
2-

electrolyzer cell to remove oxygen species from the gas phase. One study found that this
increased a DBD plasma system from a 15% CO2 conversion to a 93% CO2 conversion.53
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However, this technology did decrease the amount of oxygenate products formed in a DBD
reactor with methane, carbon dioxide, and water present. The availability of oxygen may not be
good for the conversion of carbon dioxide, but it may be useful for the production of oxygenates.
If there is no oxygen available in the gas phase, many reactive pathways for production of
oxygenate liquid products would likely be impossible (see the discussion on ‘other products’
below).
Another worrying reaction is carbon dioxide hydrogenation with hydrogen gas.54 This
will convert CO2, but it will reduce the yield of hydrogen gas from the process. Two examples of
these reactions are
CO2 + 4H2 → CH4 + 2H2O
CO2 + H2 → CO + H2O
In terms of syngas production, neither of these two reactions are ideal. Plasma pathways
for conversion exist for both of them, although the most common catalyst used in combination
with the plasma to get this to occur with regularity is Mn/y-Al2O3.55 Hydrogen gas could be a
valuable product of this process and conversion into water or methane is not desired.
Other recombination reactions after the plasma portion of a reactor exist. For example,
carbon monoxide and hydrogen gas can combine in a variety of ways. These reactions are made
possible by low energy electrons that persist after the plasma portion of the reactor. They include
CO + 3H2 → CH4 + H2O
CO + 2H2 → CH3OH
An additional reaction possible after the plasma portion of the reactor is the water gas
shift. This reaction is
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CO + H2O → CO2 + H2
These reactions should be considered important if syngas is a primary product from this
process.
On a different topic, one unique way to convert carbon dioxide using a catalyst is through
oxygen vacancies in the catalyst structure. An oxygen vacancy occurs when plasma excites and
ejects an oxygen atom from the metal oxide structure of a catalyst.56 An easy way to create a
catalyst with a lot of oxygen vacancies would be
to pretreat the catalyst pellets with an Argon gas
plasma.57 These oxygen vacancies can help to
dissociate carbon dioxide through dissociative
electron attachment of the molecule to the
catalyst particle. Thereafter, the vacancy may be
regenerated if a free oxygen atom can recapture

Figure C.4.5 (a) Generation of oxygen vacancies (Vo) at the
catalyst surface via bombardment with plasma-generated
electrons; (b) CO2 dissociation mechanism via dissociative
electron attachment at the catalyst surface.

the oxygen atom that was placed into the oxygen vacancy after the dissociation of the carbon
dioxide. See Figure C.4.5 for an illustration of this process.58
An important variable that impacts DMR in a plasma reactor is the feed ratio of CO2 and
CH4. It has been found that a larger ratio of CO2 relative to CH4 increases conversion of both
reactants and the overall energy efficiency.59 The likely mechanism is through the free oxygen
atoms from the dissociation of carbon dioxide reacting with free hydrogens from the methane
that has dissociated into CH3, preventing a reaction that would reform CH4.60
Another very important piece to DMR and all plasma catalysis reactors is the catalyst
used for the reaction. The primary catalysts used from DMR in plasma catalysis are core and
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shell catalysts.61 This type of catalyst (also called a supported metal catalyst) can help to keep
coking to a minimum, has a uniform distribution of active sites, typically has a high activity, and
is a very standard catalyst for thermal processes as well. One examples of a very common
catalyst used in plasma reactors is Ni/y-Al2O3.
The choice of catalyst is very important to a DBD reactor. It can impact discharge type
within the plasma reactor and positively or negatively impact dissociation of vibrationally
excited CH4 and CO2 species as they adsorb onto the surface of the catalyst.62 Studies have
shown that the dielectric properties of the catalyst impact the plasma, with a higher dielectric
constant contributing to strong plasmas and local electric fields thereby increasing conversion of
reactants.63
Bimetallic catalysts are also an option for plasma reactors. An example of this would be
Cu-Ni/y-Al2O3. This catalyst has been shown to improve conversion of CH4 and CO2 in plasma
catalysis processes to make syngas.64 Of the
options for metal oxide supports for the catalyst,
studies have found y-Al2O3 consistently to be
the best for conversion of CO2 and CH4 in a
DBD reactor.65 It has a higher reducibility than
Figure C.4.6. Conversion of CH4 and CO2 in dry
methane reforming using plasma alone, catalysis
alone, and plasma catalysis.

other supports along with a higher number of
basic sites for the adsorption of CO2 to the surface

of the catalyst. Figure C.4.6 demonstrates the benefits of plasma catalysis for DMR over using
plasma or catalyst alone at ambient conditions.

181

CO2 and CH4 to Liquids Via
Low-Thermal Plasma

Hess, Burghardt, McCloskey

Other bimetallic or promoted catalysts to explore would be K-Ni/y-Al2O3, Ce-Ni/yAl2O3, and Mg-Ni/y-Al2O3. Of these
catalysts, K-Ni/y-Al2O3 has the best
performance, even better than Ni/y-Al2O3
alone in a traditional DMR DBD reactor.66 In
particular, the K-Ni/y-Al2O3 catalyst in one
study increased the conversion of CO2 and
CH4 by roughly 3-4 percentage points over
Ni/y-Al2O3, increasing the yield of H2 and
Figure C.4.7. Effect of different catalysts on (a) conversion of
CH4 and CO2 (b) Selectivity of CO and H2 (c) yields of CO and
H2 and (d) H2/CO molar ratio.

CO by roughly 2 percentage points,
increasing the selectivity of H2 and CO

as gaseous products slightly (~1 percentage point), increasing the energy efficiency by 0.5
mmol/kJ, and increasing the yield of ethane by 0.5% (all other hydrocarbon production remained
similar).67 This is presented graphically in Figure C.4.7. This was performed in a 16 W, 1.5mm
discharge gap, 10 kV high voltage AC power supply reactor.
One downside to using any of these promoted catalysts is an increase in carbon
deposition compared to using Ni/y-Al2O3 alone.68 Up to a two percent increase in the weight of
the carbon deposition is possible on the promoted catalysts compared to Ni/y-Al2O3 catalyst.69
This issue may be mitigated, however, by the fact that the reactor was at a much higher
temperature in this study than the ambient temperature this project is looking to use. The
temperature in the reactor that compared these catalysts was 160 +- 5 degrees Celsius, which
may increase the coking compared to the reactor at ambient conditions.
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One additional resource this study provides is the carbon deposition levels on the catalyst.
Specifically, it was found that the carbon deposition was less than 3.3 wt% per hour, compared
to ordinary thermal catalytic DMR at 3.7-4.7 wt% per hour.70
An additional option for the catalyst in
a DMR plasma reactor is Ni/Ac (nickel and
activated carbon). Specifically, Ni/Ac700, a
nickel and activated carbon catalyst reduced
at 700 degrees Celcius, was found to
outperform nickel and activated carbon
reduced at any other temperature in a DMR
DBD plasma reactor.71 At a power input of 45

Figure C.4.8. Comparison of CH4 and Co2 conversions
within a reactor using catalyst alone, plasma alone, and
combined plasma catalysis. (Total feed 50mL/min,
CH4/CO2 molar ratio = 1:1, catalyst: NiC700, reaction
temperature 270 C, discharge power 45 W)

W, a gas hourly space velocity (GHSV) of
1422 hr-1, and a temperature of 270 degrees Celsius it was found to produce a conversion of CH4
and CO2 of 65.7% and 64.6% respectively.72 The total volumetric flow rate of gas into the
reactor was 50 ml/mi. The discharge gap was 4 mm. The amount of catalyst packing was 0.25
grams. The molar ratio of CO2 and CH4 was 1:1. Figure C.4.8 summarizes these findings.
Another option would be to use a dielectric material, not a catalytic material. Options for
this include alumina, quartz, or quartz wool. Alumina has been found to be the most effective of
these materials, likely due to a higher porosity than quartz.72 It is also cheaper and more available
than quartz.73 Many variables were manipulated in the study, but the dielectric materials
performed similarly to catalysts, albeit at a much higher discharge power of 140 watts and a
smaller GHSV. Comparison of the numbers in this study to other studies (140 W 3 mm discharge
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gap at 50 mL/min yielding just over 30% conversion) indicates that a catalyst at a similar price
would most likely perform better and be preferable.74 The high power input would propel the
performance of a typical catalyst to well above these dielectrics (e.g. a conversion of roughly
25% CO2 and almost 40% CH4 at a 60 mL/min flow rate with a discharge power of 80 watts with
a Cu/y-Al2O3 catalyst).75 This belief in a catalyst over a simple dielectric material is an intuitive
guess from all the research compiled; a 1 to 1 comparison is impossible given differing
experimental setups, voltage supplies, temperatures of reactions, treatments of catalysts, etc.

C.5: Other Products
A significant amount of research has been done into how methane reacting in plasma can
produce methanol. This is another one of the products of the plasma reactor that this project
investigates. The pathway for creating methanol from methane follows this overall reaction:76
CH4 + 0.5O2 → CH3OH(liq) ΔH = -163 KJ/mol
In this reaction, oxygen oxidizes the methane to produce methanol. Then, the low
temperature ambient nature of the DBD plasma reactor condenses the methanol into a liquid
phase, preventing oxygenates like methanol from further reacting with the oxygen in the gas
phase.77 A common scenario is that this condensing methanol mixes with water present either as
a film on the sides of the reactor or present as a ground electrode within the reactor. The oxygen
in the DBD need not be present as a component of the feed. It may be produced from the
dissociation of carbon dioxide in the feed via the plasma.
As a side note, further research could make this a promising process for production of
methanol. The principal benefit would be the condensation of methanol into a liquid phase at low
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temperatures. For the thermochemical approach, the feed rate of oxygen needs to be kept low
else the methanol will oxidize further.78 The conversion is typically below 10%.79 Selectivity for
methanol may become as high as 80% in the liquid phase if syngas is acceptable as the main
gaseous product.80
In the DBD reactor, the pathway for methanol production elucidates the pathway for all
oxygenate products from a DBD reactor. Excited electrons provide the energy required to
produce methanol. The mechanism is initiated via dissociation of a methane molecule by impact
with an energetic electron.81 Further oxidation with a methyl hydroperoxide intermediate
produces methanol, acetic acid, or other oxygenate products. The reaction sequence proceeds as:
CH4 + e- → CH3 + H + eCH3 + O2 → CH3OO
CH3OO + CH4 → CH3OOH + CH3
CH3OOH → CH3OH, HCHO, HCOOH
This is one of the primary mechanisms for oxygenate production in a DBD reactor. One
potential danger with this oxidation pathway may be the toll it takes on the production of H2, if
syngas is a desired product. Specifically, H2 will oxidize preferentially over CH4 to make
hydrogen peroxide or hydroperoxyl.82 This may suggest that a means of sequestering O2
production (produced by CO2 dissociation) may be beneficial for syngas production, if syngas is
the desired product. However, this will have the effect of significantly reducing the amount of
oxygenate products in the liquid phase.
Another reaction pathway for the formation of acetic acid from a DBD reactor with CO2
and CH4 involves the production of an acetyl radical with a low energy barrier of 28.77
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KJ/mol.83 A reactor in one study under ambient conditions was tuned to produce a selectivity to
oxygenates between 50-60% with acetic acid being the main liquid product at 40.2%
selectivity.84 Another potential pathway for oxygenate production is the addition of carbon
monoxide to an ethyl radical to form formic acid or propanoic acid.85 Finally, carboxyl radicals
and OH groups can also participate in reaction pathways.86
Another study has been performed by Wang et. al. which proposes a promising DBD
with a ground water electrode as a very effective means of producing methanol from CO2 and
H2.87 While H2 is not a feed component into the reactor this project is looking to build, it will be
present as CH4 and CO2 is converted to syngas within the reactor. There were multiple
mechanisms proposed for the conversion of CO2 and H2 to methanol. One proposed catalytic
mechanism involves 3 pathways
and can be seen above. The
plasma mediated mechanism
involves a single proposed
pathway and can be seen

Figure C.5.1. Possible reaction pathways on Catalyst surfaces in the
plasma-catalytic CO2 hydrogenation to methanol.

below. Both involve a key intermediate of H2CO. The catalytic pathway is described in Figure
C.5.1. It involves either CO2 being adsorbed directly onto a catalyst or the production of CO first
by means of a high energy electron then adsorption onto the catalyst. A series of reactions with
gas phase species or decompositions/reactions on the catalyst surface produces methanol. The
plasma pathway involves CO2 dissociation then further reactions in the gas phase mediated by
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plasma species and
intermediates. It is presented as
Figure C.5.2 Possible reaction pathways for methanol production in the
plasma hydrogenation of CO2 without a catalyst.

Figure C.5.2. Both reaction

schemes are possible in a DBD plasma reactor.
Three experimental setups were
attempted in this study by Wang et. al.88 The
most successful one was a DBD reactor with a
high voltage electrode rod in the center
surrounded by two coaxial glass tubes with
water encased between them. This water acted
as the ground electrode and had gas bubbling
through it.
It was

Figure C.5.3. The performance of three different reactor
configurations based on the concentration of ethanol and
methanol produced. (I) Configuration without a ground
water electrode. (II) Configuration with a ground water
electrode and quartz wool. (III) Configuration with a
ground water electrode and no quartz wool.

found that encasing the high voltage electrode in quartz wool
was not as effective. These configurations can be seen in
Figure C.5.3 which demonstrates performance without
catalyst in the reactor on the basis of concentration of ethanol
and methanol produced. The best was found using a Cu/yAl2O3 catalyst (with only a Pt/y-Al2O3 catalyst being
compared with it). In this configuration with complete
Figure C.5.4. The concentrations of ethanol
and methanol for different feed ratios of
CH4/CO2 is presented first along with
catalysts at a ratio of 3:1. The second graph
depicts the methanol yield and CO2
conversion under similar conditions.

packing, the selectivity of the methanol yield was 53.7%
with a yield of 11.3% from the standpoint of the CO2
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conversion.89 These results can be seen in Figure C.5.4. An added benefit of the ground water
electrode was cooling the reactor, keeping the reaction at 30 degrees Celsius whereas designs
without the ground water electrode became as hot as 350 degrees Celsius.90 CO2 conversion was
roughly similar across all reactor designs. The concentration of methanol was still found to be
very small within the water, however, with a concentration of around 25 mmol/L. The other main
products from the hydrogenation were CO and CH4. The conventional (e.g. reactions without
plasma) net reactions from the study were

CO2 + 4H2 → CH4 + H2O ΔH298 = -252.9 KJ/mol
CO2 + H2 → CO + H2O ΔH298 = 41.2 KJ/mol
CO2 + 3H2 → CH3OH + H2O ΔH298 = -49.5 KJ/mol
An analysis will need to be made whether oxygenate products in the liquid phase can be
produced in a quantity that can provide economic value to the process.
Catalytic hydrogenation of CO2 without plasma typically requires high pressures (30-300
bar) and expensive H2 gas.91 Plasma and CH4 is a means of bypassing that as the plasma can run
at ambient pressures and the CH4 provides the hydrogen gas.
Other products may include N2O and NOx compounds if N2 is in the feed to a DBD
reactor.92 N2 being in the feed, however, will not hamper the conversion of CO2 and CH4 (unless
it is present in an amount over 50%).93 This is due to plasma activated N2 species being effective
at dissociating CO2. While the study focused on CO2 conversion, presence of N2 also likely
applies to CH4 (e.g. plasma excited N2 can dissociate CH4). The presence of N2 won’t
noticeably negatively impact energy efficiency either. It is possible that N2 in a small percentage
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in the feed could produce N2O and NOx in the amount of several hundred ppm.94 As N2O and
NOx in the atmosphere is a worse greenhouse gas than CO2 and produces toxic compounds, this
is undesirable. Several options exist to combat this issue. One is to make sure electrons stay
below a 6.2 eV threshold so as not to activate any N2.95 This is not possible with a classic DBD
setup and the electron energy required for the process this project is looking to make has
electrons being produced with energy up to 10 eV. The other option is to quench the oxygen
atoms by a favorable interaction. This pathway exists in OH formation and H2O formation. It is
happening within the process we are looking to create, so there is some hope that N2O and NOx
will only be produced in a small amount within the reactor. Another way to quench O and O2
atoms would be to use a solid oxide electrolyzer cell (SOEC).96 This option hasn’t been explored
closely in conjunction with plasma. Drastic options would include pre-purifying the feed stream
or post-purifying the product stream. In either case, N2 in the feed stream should be avoided.
Quantitatively, the dangers are such that even at 1% N2 in the feed, a ppm of 40 for NO
and 10 for NO2 is possible.97 This number rises rapidly to almost 100 ppm for NO and 25 ppm
of NO2 at 6-8% N2 in the feed.98 Other species present are N2O3 and N2O5, with N2O5 being
more prevalent and rising to roughly 100 ppm at a 10% N2 feed.99 See Figure C.5.5.
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Figure C.5.5 Experimental and calculated concentrations of NO, NO2, N2O3, and
N2O5 as a function of N2 content for a DBD reactor with a residence time of 0.73
seconds and an SEI of approximately 12 J/cm3.

C.6: Design Notes from Motivating Papers
Tu and Whitehead explore dry reforming of methane with various packing configurations
of a 10% wt Ni/y-Al2O3 catalyst.100 The temperature of the reaction in this paper was occurring
between 230 and 270 degrees Celsius for the catalyst versus no catalyst cases. The heating was
only produced by the electrical input used within the reactor. There was no water electrode used.
The reactor setup was two concentric quartz tubes with a steel mesh electrode on each. The inner
mesh was the high voltage electrode and the outer mesh was the ground electrode. The purpose
was to produce as much CO and H2 as possible (syngas) from a 1:1 feed ratio of CH4 and CO2. A
possible source suggested for the feed material was biogas.
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The three different packing arrangements
were full packing, radial but dispersed backing,
and axial but dispersed packing. These can be
seen in Figure C.6.1.101 It was found that
conversion and yields were hurt by full packing,
as the discharge profile of the reactor changed
from intense filamentary discharges to weaker
microdischarges and surface discharges between

Figure C.6.1. Three different catalyst packing
arrangments. (A) Full packing. (B) Radial but
dispersed packing. (C) Axial but dispersed packing.

catalyst particles.102 However, this did produce a lower breakdown voltage. The best (and very
comparable) packing profiles were found to be the radial and axial packing profiles.103 The main
difference between the two was the quartz wool used to hold the radial packing in place. Quartz
wool was found to promote intense filamentary discharges in addition to surface discharges,
likely due to its high void fraction as well as its dielectric nature.104
The study also found that a significant amount of lower hydrocarbons were produced in
the gas phase (greater than 10% of total products). There was no liquid phase in this experiment
as the temperature of the reactor was too high. This is in contrast to no significant hydrocarbon
production with thermal catalytic DMR (<1% of products).105 The main hydrocarbons produced
were C2H6 and then C3H8.
The study also linked H2 production to methane conversion and CO production from
CO2 conversion.106 Specifically, dissociation of CH4 due to impact from electrons accounted for
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the H2 production. The pathway is presented below:

Certain of these reactions are found to be more likely to occur. Reaction 14 is the most
common accounting for 79% of total CH4 dissociation. Then 15% for reaction 15 and 5%
approximately for reaction 16. These are the main pathways for H2 production via plasma.107
Additional reactions exist to produce solid carbon:

Carbon monoxide was produced by electron dissociation in the plasma phase similar to
what has been discussed in a previous section. One interesting thing to note about this form of
DMR is that CH4 conversion is always greater than CO2 conversion (the opposite is true for
thermal catalytic DMR).108 This is due to the prevalence of the WGS reaction whereas RWGS is
dominant at higher temperatures.
A study of the energy efficiency found that the efficiency of the DBD reactor was
improved with a higher flow rate and a lower discharge power.109 These two drastically decrease
conversion, however, and a tradeoff should be considered when determining flow rate and
discharge power. Interestingly, a higher feed flow rate was found to bring the production ration
of H2/CO closer to 1 whereas a lower feed flow rate prompted the ratio to dip well below 1.110
A smaller pellet size of 0.5-0.85mm was found to increase the selectivity towards
hydrocarbons the most.111 Carbon coking on the catalyst was found to be very minimal, with
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only 0.6-2.2wt% of carbon on the catalyst after a 3-4 hour runtime. Another metric was that
carbon balanced between the inlet and outlet to almost 96% over the course of the reactor run.
The flow rates and conversions taking place within the reactor are very small. The best
design specs for the reactor that can be drawn for this paper and may be applied for a reactor
used in this project are the following:
1) Reactor design 1
a) Physical specifications:
i) Discharge region of 55 mm
ii) Discharge gap of 3 mm
iii) Peak to peak voltage 24 kV
iv) Variable frequency 30-40 kHz
v) Outer electrode grounded to a 22 nF capacitor
b) Flow rate of 100 mL/min
c) Discharge power of 60 W
d) 10 wt% Ni/y-Al2O3 catalyst calcined at 500 degrees C
i) Packed radially and dispersed with quartz wool
ii) Pellet size 0.5-0.85 mm
e) Results:
i) 0.91 H2/CO ratio in product stream
(1) ~6% yield of CO
(2) ~5% yield of H2
ii) ~22% conversion of CH4
iii) ~11% conversion of CO2
iv) No data on selectivities provided
f) Energy Efficiency 0.17 mmol/KJ

2) Reactor design 2
a) Physical specifications:
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i) Discharge region of 55 mm
ii) Discharge gap of 3 mm
iii) Peak to peak voltage 24 kV
iv) Variable frequency 30-40 kHz
v) Outer electrode grounded to a 22 nF capacitor
b) Flow rate of 50 mL/min
c) Discharge power of 60 W
d) 10 wt% Ni/y-Al2O3 catalyst calcined at 500 degrees C
i) Packed radially and dispersed with quartz wool
ii) Pellet size 0.5-0.85 mm
e) Results
i) Between a 0.91 and 0.78 H2/CO ratio in product stream
(1) 9.6% yield of H2
(2) 10.8% yield of CO
ii) ~ 32% conversion of CH4
iii) ~ 21% conversion of CO2
iv) Selectivities:
(1) ~34% CO
(2) ~26% H2
(3) ~22% C2H6
(4) ~12% C3H8
(5) ~8% C2H2/C2H4
f) Energy Efficiency 0.14 mmol/KJ
A series of useful graphs in Figure C.6.2 follows these options for reactor parameters that
support these choices for the best designs to apply to a future reactor. The first demonstrates that
hydrocarbon selectivities are tunable by the packing material and that 10 wt% Ni/y-Al2O3
catalyst calcined at 500 degrees C provides favorable selectivities for ethane production. The
second demonstrates that the pellet size should be large (0.85 mm - 1.7 mm).
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Figure C.6.2. (Left) Hydrocarbon selectivities varying by catalyst with a 50 W reactor and a 1:1 feed ratio of
CH4/CO2 at 50 mL/min. (a) is a pellet size of 0.85-1.7mm. (b) is a pellet size of 0.5-0.85mm. (Right) Selectivities for
hydrocarbons with Ni/Al2O3 catalyst calcined at different temperatures.

Wang et. al. produced a unique water ground electrode DBD reactor with a CO2/CH4 feed
to produce liquid fuels at a high selectivity.112 This paper is considered the ‘motivating paper’ for
this design project. The reactor was designed with two concentric glass tubes and two coaxial
electrodes. The design first placed a high voltage stainless steel cylindrical electrode at the center
of the reactor with a diameter of 2 mm. Then an inner glass tube is placed with an inner diameter
of 8mm and an outer diameter of 10 mm. Then another glass tube is placed with a gap between
the two glass tubes of 3 mm and the overall reactor has a length of 45mm. Within this 3mm gap
was a ground water electrode which helped to keep the reactor cool to 30 degrees Celsius. Gas
flowed through this water and catalyst was packed within the gap.
The flow rate of gas through the reactor was 40 mL/min. The applied voltage was 10 W.
The AC power source had a peak voltage of 30 kV and a variable frequency of 7-12 kHz. The
frequency was fixed at 9 kHz for this reactor. The temperature was held at 30 degrees Celsius
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with an ambient pressure. The reactor produced electrons with an energy level between 1-10
eV.113
The novelty of this reactor is that typically to make liquid fuels from DMR, the process
requires two steps. First, a high temperature (upwards of at least 700 degrees Celsius) in a
thermal catalytic process is required.114 Then the syngas products need to be turned into liquid
fuels by another process. This reactor looks to bypass the high temperatures and the second step
by completing the transformation of CO2 and CH4 in a single plasma reactor.
As with previous DBD reactors studied, packing the discharge volume completely with
catalyst decreased the conversion of CO2 and CH4.115 This is due to the change in discharge type
from strong filamentary discharges to weaker surface discharges.
The results of the study indicated a strong selectivity for oxygenates that was variable
depending on catalyst type.116 Specifically, a 50-60% selectivity towards oxygenates in the liquid
products from the reactor with the bulk being acetic acid (at most 40.2%) was observed. Other
products made in the liquid phase in significant amounts were methanol, ethanol, acetone, and
formaldehyde. The formaldehyde was only produced
if a noble metal catalyst was used (Pt or Au on
Al2O3 support). Additionally, the noble-metals also
increased the selectivity of C2H6 relative to other
gaseous products. The highest acetic acid selectivity
was achieved with a Cu/y-Al2O3 catalyst and a 1:1
feed ratio of CH4/CO2. Figure C.6.3 provides these
details graphically.
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The results from the gaseous phase demonstrated
that the two products in highest concentration were CO
and H2.117 Gaseous products include H2, CO, C2H6,
C2H4, C2H2, C3H8, and C4H10. The highest selectivity
for H2, CO, and C2H6 occurred with a y-Al2O3 catalyst.
When Cu/y-Al2O3 was used, the selectivity for those
Figure C.6.4. Selectivities of gaseous
products with various catalysts from the
paper by Wang et. al.

products decreased. Noble-metal catalysts fell

somewhere between these two. In the gaseous phase, Cu/y-Al2O3 did approximately the same as
plasma alone. More details can be found in Figure C.6.4.
One question left to be answered by the composition of the gaseous products is how they
manage to survive the plasma phase if the electron energy is high enough to dissociate CO2? The
answer may be twofold. First, many pathways for dissociation, as mentioned above, are through
vibrationally excited species. Perhaps even though CO2 is more stable, it is more easily excited
vibrationally than a larger hydrocarbon molecule. The second is that a large portion of the
conversion of CO2 and CH4 for that matter may happen on a catalyst’s surface. One study
suggests, for example, that a cool catalyst (between 50 and 300 degrees Celsius) does not convert
higher hydrocarbons.118 Indeed, if the alkanes cannot interact with a catalyst, it may survive the
plasma portion of the reaction. Another source confirms the presence of alkanes in the gaseous
product stream.119 Overall, higher hydrocarbons are a significant component and must be
considered in the separations taking place after the reactor. Yields totalling upwards of 6% of
gaseous products were identified as higher hydrocarbons in one DMR study in a DBD catalytic
NTP reactor.
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Returning to the Wang et. al. reactor, the reactants fed to this reactor were CH4 and CO2.
One tunable parameter for production is the feed ratio of
these two reactants. A 1:1 feed ratio created the highest
selectivity for acetic acid within the liquid products.120 The
theory is that the product of acetic acid requires components
equally from CH4 and CO2. CO2 can react with a lone
hydrogen to produce CO and OH, whereas methane can

Figure C.6.5. Theoretical reaction
scheme for production of acetic acid,
methanol, and ethanol in a plasma
reactor.

dissociate into CH3 and H. The components of CH3 and CO and OH completely make up all the
reactants necessary to form acetic acid. This theory was supported by the fact that vibrationally
excited CO2 was found to be the major pathway for CO production and OH production. The
reaction scheme presented in Figure C.6.5 depicts with pathway. Generally, the feed ratio of
CH4/CO2 decreasing produces more OH at the expense of CH3 production. Overall, the key
intermediate species in the reactor were CH3, CO, and OH. Note that CH4 can dissociate into
CH2 and CH but at a lower percentage than CH4 (as reported above at 79% CH3, 15% CH2, and
5% CH).
This theory further explains trends with other oxygenate products such as ethanol.
Ethanol requires multiple CH3 groups. The trend
was seen that ethanol production was highest with
a high ratio of CH4/CO2, which would produce
more CH3 groups relative to OH groups.121
Methanol requires one group from each, and it
Figure C.6.6. The way the selectivity of methanol,
ethanol, acetic acid, and acetone changes when the
molar feed ratio of CH4 to CO2 is presented in this
figure from Wang et. al.
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peaked at a ratio of 1:1 for CH4/CO2. All of this data can be seen in Figure C.6.6.
As a baseline for calculations, in a reactor with plasma only (no catalyst), the selectivities
in the liquid phase were 33.7% acetic acid, 11.9% ethanol, 11.9% methanol, 1.6% acetone with a
total liquid product selectivity (compared with the gas) being 59.1%.122 This was with a 1:1 feed
ratio of CH4/CO2. The CO selectivity was about 20.0% with a CH4 and CO2 conversion of 18.3%
and 15.4% respectively. The rest of the gaseous products were H2 and C2H6 with a smaller
amount of other hydrocarbons.
Conversion of CH4 and CO2 varied with catalyst usage and catalyst type. This is
assuming a dense packing of the catalyst within the plasma reactor. The highest conversion
occurred with plasma alone at 18.3% conversion of CH4 and 15.4% conversion of CO2.123 This is
consistent with previous research indicating a stronger conversion of CH4 in plasma reactors.
One primary drawback from this paper is that no study was performed with a Ni/y-Al2O3
catalyst or Ni-Cu/y-Al2O3 catalyst.
Altogether, the studies in this section support the notion that CH4/CO2 ratio, flow rate,
power input, catalyst type, and catalyst packing arrangement all impact the product selectivities,
the conversion, and the energy efficiency of a DBD plasma reactor.
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C.7: Other Reactor Parameters
One crucial parameter to determine for a
plasma reactor is what the applied voltage profile
will look like. Traditional voltage profile for NTP
DBD reactors is a sinusoidal profile.124 For example,
a sinusoidal input on the range of 10 kHz in its
progression from peak to peak voltage is very
common. However, this may not be the best profile
for running a plasma reactor. There are two options:
changing the discharge frequency or changing the

Figure C.7.1 Current density, gap voltage, and
applied voltage during one period of applied
voltage in four different setups. (1) uses radio
frequency voltage (2) uses a 10 kHz sinusoidal
voltage (3) uses a rectangular voltage (4) uses a
pulsed DC profile.

voltage profile. A pictorial representation of these
profiles is displayed in Figure C.7.1.
When the frequency was increased to being on the MHz range, the intensity of the
discharge increased rapidly. The electron density was much higher than any other profile tested
in one study in particular. However, the main issue is that the polarity switches before the
electrons can travel very far, resulting in a sinusoidal discharge profile slightly out of phase with
the applied voltage (about one eighth out of phase). Additionally, the power consumption of this
profile in the radio frequency range is prohibitively high, several times less efficient than other
profiles.125
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Changing the profile is another option. Specifically, a rectangular profile can be used
instead of a sinusoidal profile for the applied voltage. When this was used both with a 10 kHz
rectangular profile and a 10 kHz rectangular pulsed dc profile, there was found to be a higher
electron efficiency and a higher electron
density than when the standard 10 kHz
sinusoidal profile was used.126 This can be
seen in Figure C.7.2.
This data suggests that the best
Figure C.7.2. Normalized electron density, plasma power,
and electron production efficiency for the (1) radio frequency
setup (2) 10 kHz sinusoidal voltage (3) rectangular voltage
profile (4) pulsed DC voltage profile.

voltage profile to use in terms of efficiency
for a NTP DBD plasma reactor is either
setup 3 or 4 in the figures above (e.g. a

square voltage profile). The main difference between setups 3 and 4 is that setup 3 has a positive
and negative applied voltage whereas setup 4 only has a positive applied voltage. This subtle
difference impacts the power consumption of the two setups. The power consumption of setup 4
is less than that of setup 3. This increases the efficiency of setup 4 over that of 3 suggesting that
the best voltage profile to use for a DBD reactor is a DC current on a square voltage profile at 10
kHz between peak voltages (in the study used for this section that would be a 4 kV peak to peak
voltage). If that is not available, a square voltage profile would still be preferable to a sinusoidal
voltage profile (it will increase the efficiency by a factor of 4).
An additional parameter to study is the discharge gap of the reactor. This parameter is not
often varied in studies using a plasma reactor, as the reactor design is set and maintained
throughout an experiment. However, one study using alumina or quartz as a dielectric material in
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a DMR DBD plasma reactor did vary the discharge gap.127 The main result was that up until a
gap of 4 mm, the conversion of CO2 and CH4 increased for the alumina dielectric material (and
up to 3 mm for the quartz dielectric material). However, further increase to a 5 mm discharge
gap saw a decrease in conversion of CO2 and CH4. The discharge gap was also found to slightly
impact the selectivity as well though the effects were mixed and no clear trend was apparent.
Figure C.7.3 demonstrates these findings.

Figure C.7.3. (a) Schematic diagram of the discharge gap and the impact on different widths on (b) conversion of
CO2 and CH4, (c) selectivity of products, and (d) yield of products for a reactor with an SEI of 370 J/mL, a 1:1 feed
ratio of CO2 and CH4 and a discharge length of 20 mm.

A different study demonstrated that increasing the discharge gap negatively affected
conversion and energy efficiency.128 It reported a decrease in CO2 conversion from 22.1% to
202
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16.8% when the discharge gap increased from 2.5 mm to
3.5 mm in a 25 mL/min DBD reactor at a 30 W power
discharge. The study stated that the reason behind this
was the power density decreasing (less plasma reactive
channels), which was a more powerful effect than the
increase in residence time (which should theoretically
increase conversion) as the discharge gap was increased.
This study was performed in a plasma only DBD reactor
converting CO2 at ambient conditions. See Figure C.7.4
for more details.

Figure C.7.4. Effect of discharge gap on
CO2 conversion and energy efficiency (for
a reactor with a feed flow rate of 25
mL/min and a discharge length of 100 mm)

Discharge length is another adjustable reactor
parameter. As the discharge length of the reactor increases, the conversion of reactants will
increase due to an increasing residence time.129 One study
found two competing effects for discharge length. The first
was that increasing the discharge length increases residence
time and thus conversion. The second effect was that a larger
discharge length increased energy dissipation due to heat,
lowering energy efficiency, and also decreasing the energy
density within the reactor. Generally, the increase in
residence time dominated (over the scale studied in the
Figure C.7.5 Effect of discharge length
on CO2 conversion and energy
efficiency (for a reactor with a feed flow
rate of 25 mL/min and a discharge gap
of 2.5 mm.

study). See Figure C.7.5 for a graphical depiction of the
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increase in conversion of CO2 in a DBD ambient plasma reactor (remember SEI is specific
energy input).
Another consideration in reactor design is the discharge frequency within the DBD
reactor. Studies have demonstrated that a lower discharge frequency is better for both energy
efficiency and conversion of CO2 and CH4 to a DBD reactor.130 For example, one study
demonstrated that CO2 conversion, the energy and efficiency of a DBD plasma reactor decreased
by a percentage point from increasing the applied voltage frequency from 8 kHz to 11 kHz. It
may also impact the selectivity within the reactor. However, this is the only study that could be
found on the matter. This data is presented in Figure C.7.6.
A final discussion point is the design of the
inner and outer electrodes on a DBD reactor. For
this project, the design of the outer, ground
electrode is
proposed to be
Figure C.7.6. Effect of discharge frequency on
CO2 conversion and energy efficiency (within a
reactor with an SEI of 96 kJ/L, a flow rate of 25
mL/min, a discharge length of 100 mm and a
discharge gap of 2.5 mm.

a ground water
electrode.
There are many

electrode options, however. For example, an electrode
encasing the reactor could be a mesh of a solid sheet.
However, a non-meshed solid sheet has been demonstrated
to increase the performance (conversion and energy
efficiency) of a DBD reactor converting CO2 at ambient
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conditions.131 This is due to an increased effective discharge area, increasing the number of
microdischarges in the plasma.
The other electrode geometry available applies to the inner high-voltage electrode. A
stainless steel screw-type electrode was found to outperform a rod electrode in the conversion of
CO2 in a DBD plasma reactor.132 The sharp edges of the screw were found to distort the electric
field in the discharge region near the inner electrode and enhance the local electric field. It
created stronger filamentary discharge near the sharp edges of the screws. This is summarized in
Figure C.7.7.

C.8: Alternative to a DBD Reactor
An alternative design for a plasma reactor to create syngas via dry methane reforming
would be a gliding arc plasma reactor.133 On an industrial scale, the temperature of this kind of a
reactor will be above ambient. This will produce coke and tar from the process. Additionally, O2
is necessary as an oxidizer for the methane via this reaction pathway. If air is an oxidizer, there
will be N2 present in the products stream diluting the syngas, which means NOx will be
produced. Pure oxygen is an alternative, but that provides a large expense for the process. On the
industrial level, this technology provides a high yield, but is hard to combine with an in-plasma
catalyst and is less energy efficient than the DBD alternative.134
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Appendix D: Plasma Reactor Design
D.1: Synopsis
The goal of this project was to take an industrial amount of methane and carbon dioxide
gas and convert it to usable fuels. This was to be accomplished using a low-thermal plasma
(LTP) reactor. The group was provided with a motivating paper by Wang et. al. along with the
supporting material for the paper. This paper presented a lab scale non-thermal plasma (NTP)
reactor that used a ground water electrode in a dielectric barrier discharge (DBD) set-up to
convert methane and carbon dioxide to oxygenate fuels and several gaseous products [Wang et.
al. citation].1,2 The reactor created processed approximately 45 mL/min of feed gas.
The following criteria for the design of the plasma reactor were considered desirable. The
reactor must maximize conversion of carbon dioxide and methane to whatever extent possible.
The reactor must maximize the production of oxygenates with respect to gaseous components.
The reactor must have as little water as possible such that the oxygenate product stream is not
dilute. The reactor must be compact and relatively easy to manufacture. The reactor must be easy
to service. The reactor should maximize electrical efficiency to whatever extent is possible.
The group initially brainstormed how physical changes to the reactor may accomplish
these goals. This early brainstorming is reported in the ‘Scale-Up to a Parallel Plate Design’
section below. The group’s brainstorming then led to the design of the first iteration of the
plasma reactor, PR-1. PR-1 was an analogous form of the reactor created by Wang et. al. in a
parallel plate fashion. Several modifications were made to the design that should increase the
conversion of the feed methane and carbon dioxide as well as alter the selectivities favorably.
These proposed changes were supported by research into other plasma reactors that have been
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published on within academia. That research is presented throughout this section on the reactor
design as well as in the section on Plasma Reactor Research in Appendix C.
PR-1 failed due to one main issue. The reactor used water and gas in a roughly 3.15/1
volume ratio. This resulted in a mass fraction of acetic acid (the oxygenate product in highest
concentration after reaction) in the liquid stream of approximately 0.007%. This was untenable
for separations.
PR-2 was the next iteration in the design process. To minimize the amount of water in the
reactor, but still use water as a reactant and a cooling mechanism, a falling film design was
proposed. This required a vertical design for the reactor where water was forced up through the
center of a channel and would fall down one of the walls of the reactor in the discharge area.
This method still had some challenges. It still produced a dilute product stream (on the order of
10% by weight) and the vertical design would be more challenging to plumb.
During the design process of PR-2, the group contacted RedHill Scientific, which was
commercializing an NTP falling film reactor for use in producing fertilizer. RedHill directed the
group to the patent holder, Dr. Robert Wandell from Florida State University (FSU). Dr. Wandell
discussed some of the pros and cons of the falling film reactor. Ultimately, he suggested that the
group investigate a humid gas plasma reactor. This would have the benefit of decreasing the
amount of water in the product stream while still making hydroxyl species available for the
reaction to form oxygenates. The humid vapor plasma reactor was an area of research that
academia was stepping into, but nothing had been industrialized based upon the design so far.
This led to PR-3, an iteration that involved an industrial humidifier upstream of the
reactor. The mass balance on this reactor looked very favorable, with mass fractions of products
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in the liquid stream that could be manageable. Questions remained on how the reactor would
behave in terms of fluid mechanics and heat transfer. While the heat transfer question was being
discussed, it was discovered by the group that the temperature of the gas (ideally 30 C) had an
adiabatic temperature rise through the reactor of approximately 130 C.
This discovery led the group to design PR-4. PR-3 had involved a heat exchanger
element to the reactor, flowing water in cross flow between stainless steel plates on the sides of
the discharge channels. With such a low adiabatic temperature rise, this aspect became
unnecessary. The group decided instead to separately place a heat exchanger downstream from
the reactor in the PR-4 design. Additionally, the temperature rise ensured that all oxygenates
formed would remain in the vapor phase. In PR-3 it was unclear whether oxygenates would
condense within the reactor and how the fluid mechanics of a situation like that would lead to a
cumbersome design. PR-4 was the final iteration of the reactor. Full consideration of fluid
mechanics, heat transfer, mass balances, selectivites, and construction of the reactor was
discussed and is written out below. Additionally, due to the rise in temperature, the PR-4 is now
classified as an LTP reactor instead of an NTP reactor.
An overview of the work done on each iteration of the reactor is presented below. Some
iterations of the designs are incomplete as the group moved on from them quickly due to the
infeasibility of the design. The goal of the following sections is both to demonstrate the work the
group did and to present the challenges associated with various plasma reactor designs that need
to be addressed before such designs can succeed in industry.
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D.2: Scale-Up to a Parallel Plate Design
The motivating paper by Wang et. al. presented an annular reactor, 45mm long with a
3mm discharge gap. The power output was 10 watts through a stainless-steel high voltage rodshaped electrode. The discharge frequency was 9 kHz. The flow rate of gas was 40 mL/min with
a residence time of approximately 2 seconds. The ratio of liquid water to gas, by volume, was
approximately 1/3.15. Wang et. al. also tested numerous catalysts, including y-Al2O3, Cu/yAl2O3, Au/y-Al2O3, and Pt/y-Al2O3. Wang et. al. also presented results (conversions,
selectivities, etc.) for the reactor without a catalyst.
The conversion of carbon dioxide and methane, along with selectivities, were also
presented by Wang et. al. That information is summarized below:
•

Original Results (Wang et. al. no catalyst):
o

o

Conversion:
▪

CO2: 15.4%

▪

CH4: 18.3%

Selectivities:
▪

▪

Liquids: 59.1%
▪

Acetic Acid: 33.7%

▪

Methanol: 11.9%

▪

Ethanol: 11.9%

▪

Acetone: 1.9%

Gaseous: 39.9%
▪

CO: 20%

▪

H2: 32%

▪

C2H6: 11%

▪

Rest is ~2%
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This was the starting point from which conversion and selectivities were tweaked with
later design iterations reactor. It is important to highlight the selectivities presented above. The
definitions of selectivities by Wang et. al. did not satisfy a mass balance, which necessitated that
the group tweak numbers slightly to get an atomic species balance to hold.3 These numbers are
discussed in depth later in this section as discussions on design choices specifically to increase
conversion of the feedstock is presented.

From this information, the group theorized about how to create a parallel plate reactor
that remained close enough in design to Wang et. al.’s reactor to use the aforementioned
selectivities. The parallel plate design was
chosen because it would be a more efficient use
of space, it would be easy to service
(maintenance would be able to switch out
individual plates relatively easily), it would be
easy to construct if the plate sizes were uniform,
and it would be fairly simple to plumb. In order
to create this design, the first step was to
‘flatten’ the annular design presented in Wang
et. al. A cross-section of the annular reactor is

Figure D.2.1 The annular cross section of the DBD
reactor presented in Wang et. al. The discharge gap
contains water and gas. Also included is a glass layer
and a stainless steel high voltage electrode.

presented in Figure D.2.1.
The perimeters of each component of this annular reactor can be calculated. It was found
to be:
Stainless steel electrode: 6.28 mm
Inner piece of glass: 25.13 mm
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Outer piece of glass: 31.42 mm
Outer edge of plasma: 50.27 mm
From this information, the annular reactor can be sketched where each component has
been unfolded into a plate-style design. This is sketched below in Figure D.2.2.

Figure D.2.2 An unrolled version of the annular reactor used in Wang et. al.

From this drawing, it is evident that certain pieces needed to be extended. For example,
the width of the high voltage electrode must be increased. Each plate width needed to be exactly
the same in this reactor unit. The group decided to standardize the width of this reactor unit
(equivalent to one annular reactor from Wang et. al.) to be 50 mm wide. The sketch of this
design is presented a Figure D.2.3.
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Figure D.2.3 An unrolled version of the annular reactor in Wang et. al. with a corrugated high voltage electrode and
lengths adjusted to be exactly 50 mm wide.

By increasing the width of each plate to make the unit uniform, the amount of area for
the plasma also increased. In this cross-section, comparing the previous two sketches and
performing the geometric calculation demonstrates that the area of exposed plasma has
increased from 122.535 mm2 to 150 mm2. Additionally, extending the width of the electrode
would also create weaker filamentary discharges (and thereby a plasma with a lower electron
density). Both considerations were overcome by other design choices, explained later in this
section. One of these was to introduce a corrugated electrode, as can be seen in the above sketch.
One principal benefit for this design is that on both sides of the high voltage electrode
plasma can be formed. This design is presented in Figure D.2.4 below.
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Figure D.2.4 One unit of the flattened equivalent to the annular reactor presented in Wang et. al. The only
modification is a washboard electrode and a plasma gap on both sides of the high voltage electrode.

Figure D.2.4 is one unit of the reactor. This
unit can be repeated in the vertical and horizontal
direction. A diagram demonstrating what stacking
these units would look like is presented in Figure
D.2.5.
In addition to making the reactor from
Wang et. al. a parallel plate reactor, at this point in
the design process, the group also incorporated
design decisions to increase conversion and
change the selectivities of the reactor favorably.
Some of these design changes were also used in

Figure D.2.5 Repeating plasma units of the flattened
version of the annular reactor presenting in Wang et. al.
Each high voltage electrode has two associated plasma
discharge regions.

the design of the PR-1 iteration of the reactor.
Future iterations made more significant deviations from these design choices.
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First, it was considered whether or not to use a catalyst in the reactor. Catalysts were
used in Wang et al. to get better selectivities. For example, using a Cu/y-Al2O3 catalyst
improved the selectivity of acetic acid by almost 10%, seen in Figure D.2.6.4 However, this
improvement was not matched by a significant increase in the conversion of CO2 and CH4. In
fact, using certain catalysts decreased the conversion of the feedstock, also demonstrated by the
figure below. However, other research indicates that catalysis can increase conversion,
especially in the production of syngas in dry methane (DMR) and steam methane reforming
(SMR) in a plasma reactor.5

Figure D.2.6 (Left) Conversion percentages for CO2 and CH4 varying by catalyst in the reactor from Wang et. al.
(Right) Selectivities of liquid products varying by catalyst in the reactor designed by Wang et. al.

For example, the group did a significant amount of research into what catalyst would be
best suited for the process, if a catalyst were to be used. It was decided that the best catalyst to
use would be Ni-Cu/Al2O3. Studies suggested that a 12 wt% Cu- 12 wt% Ni/y-Al2O3 performs
the best out of any other weight percentage combination of Cu and Ni at DMR in a DBD plasma
reactor.6 The combination in a 120 degree C reactor with a feed ratio of 1:1 CO2 and CH4 was
found to yield a conversion of 69% for CH4 and 75% for CO2. This is up from 30% and 24% for
Ni/y-Al2O3 alone and 7% and 5% for Cu/y-Al2O3 alone for conversion of CH4 and CO2
respectively.
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Another factor to consider is that Wang et. al. used a Cu/y-Al2O3 to increase the
selectivity of acetic acid, one of the desired products of this process. Furthermore, Cu/y-Al2O3
has been shown to effectively increase the conversion of methane hydrogenation .7 Specifically, a
15 wt% Cu in Cu/y-Al2O3 was shown to increase methanol yield by 5% and CO2 conversion by
10-12% over a reactor using plasma alone without drastically changing the selectivities of
ethanol and methanol.8
The other active component of the catalyst is Ni. Nickel, and other varieties of nickel,
e.g. Ni-C, nickel and activated carbon, is one of the most commonly researched catalysts for
plasma induced DMR.9,10,11 Ni/y-Al2O3 has been shown to perform effectively in DMR within a
DBD plasma reactor, increasing conversion by upwards of 10-20% depending on the exact
specifications of the catalyst.12 Another study using a DBD reactor at 160 degrees Celsius showed
a more modest increase, with an increase of roughly 2% at a power of 16 watts, a flow rate of 50
ml/min, and a feed ratio of 3:2 CH4/CO2.13 Furthermore, nickel and activated carbon have been
demonstrated to increase CO2 conversion by roughly 20% and CH4 conversion by roughly 15%
in a DBD reactor at 270 degrees Celsius with a flow rate of 50 ml/min and a discharge power of
45 watts over a reactor using plasma alone. Altogether, given the information listed above, it was
decided that the best possible catalyst would be a 12 wt% Cu-12 wt% Ni/y-Al2O3 catalyst if a
catalyst were used. This is without consideration for the relative cost of this catalyst compared to
other options.
The catalyst packing structure is also important to consider. The supporting material
provided by Wang et. al. provides an image of the discharge that suggests it was totally packed.14
However, a paper by Tu et. al. demonstrates that an arrangement labeled ‘packing arrangement
C’ can help convert CH4 and CO2.15 The ‘packing arrangement C’ with Ni/y-Al2O3 as mentioned
previously increased conversion of CH4 and CO2 by upwards of 10-20%.16 ‘Packing arrangement
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C’ refers to radially dispersed packing of catalyst as opposed to tightly packing the discharge
gap. More details can be found in the Plasma Reactor Research Appendix C.
However, despite this research, the group ultimately decided that it would be prudent to
forgo the use of a catalyst. This was decided before the design of reactor PR-1 began. The cost of
a catalyst was too high, and the benefits were not enough to make it obviously worthwhile. Most
of the information discussed above was promising, but there was no definitive findings provided
in Wang et. al. demonstrating that a catalyst would deliver significantly better numbers. The
other studies mentioned previously would have to be abstracted to this particular process and it
would be more beneficial to perform an economic analysis on the process without a catalyst to
motivate whether it would be worthwhile to research catalysis for this process at all.
A sketch of what the reactor would look like
with a catalyst is presented in Figure D.2.7. The
diagram demonstrates that the catalyst would be
placed into the reactor as sheets in the middle of the
repeating discharge of the reactor. These sheets would
be expensive to manufacture and would be specially
designed for this purpose.
Another design alteration from the reactor in
Wang et. al. was the discharge power of the high

Figure D.2.7 A diagram representing what a
parallel plate DBD reactor may look like with
catalyst in the discharge gap. The catalyst is
maintained at a distance of 5 mm from the
high voltage electrodes. The catalysts would
be in the form of sheets.

voltage electrode. The group decided to increase the
discharge power to increase the conversion of the carbon dioxide and methane. Wang et. al. had
a discharge power of 10 watts, but the parallel plate reactor was set to have a power output of
100 watts per discharge region or 200 watts per unit (100 watts for the 3 mm discharge gap
above the reactor and 100 watts for the discharge gap below the reactor).
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It was assumed that this change would have no impact on the selectivity of the oxygenate
and gaseous products. It was also assumed that this increase would significantly increase the
conversion of carbon dioxide and methane. Research into plasma reactors supported this
assumption. For example, one study demonstrated that increasing power input into a plasma
reactor could have a 5% increase in conversion.17 Another study demonstrated that the increase
could be as high as 20-35% increase in conversion depending on how much the increase in
power was.18 However, this increase in power input has the potential to increase the reactor
temperature. Specifically, one study cautioned the fact that increasing power input into the
reactor could increase the temperature of a reactor up to 25-50 degrees Celsius.19 Taken
altogether, the increase in power input to the reactor was estimated to have a 15% increase in
the conversion of carbon dioxide and methane.
Another design choice was to use a corrugated washboard-style high voltage electrode.
This decision was informed by a study that demonstrated an improved SEI (specific energy
input/efficiency, see the Plasma Reactor Research Appendix C) and increased the conversion of
reactants in a plasma reactor.20 The jagged edges on the high voltage electrode enable more
intense filamentary discharges to occur at those points and increases the intensity of the plasma.
It was theorized this would have a 2% increase in the conversion of reactants in this parallel
plate plasma reactor.
In this preliminary stage, three more physical parameters were considered. They were
the gas flow rate through the reactor, the width of the discharge gap, and the length of the
discharge area for the plasma. The flow rate of gas was decided to be increased from 40 mL/min
to 1 L/min. This would be tuned in later designs, but the initial reasoning was that an increase in
flow was necessary to reach the 5000 SCFM of CH4 and 5000 SCFM of CO2 goals stated in the
project statement. It would also be necessary to increase the flow rate to make a reactor complex
small enough to be viable to maintain and to produce enough product to be economically viable.
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The literature demonstrates that an increase in flow rate decreases the conversion of reactants
due to a shorter residence time in the reactor. Specifically, one study demonstrated that a 5
times increase in flow rate decreases the conversion of reactants by 10%.21 A decent
approximation for what this increase in flow rate would do to conversion (all other things held
equal) is a decrease in conversion of around 20%.
It was initially decided that the discharge gap would increase from 3mm to 5mm. This
was motivated by two factors. In the early discussion on catalysis, it would have benefitted the
durability of the catalyst to be further from the high voltage electrodes. Specifically, the further
away the catalyst can be from the electrodes the less it may degrade from the plasma and the
less coking that may occur on the surface of the catalyst. The other factor was to increase the
discharge area such that the increase in flow rate could be compensated by a greater volume.
This way the residence time would not decrease by as much when the flow rate through the
reactor was increased. However, increasing the discharge gap would decrease the conversion, as
the plasma would be weaker by being spread out over a greater area. This effect has been
demonstrated to be small in studies, but not nonexistent.22,23 If the discharge gap were to be
increased by 2 mm, a good approximation as to the decrease in conversion would be around 2
percent.
The last physical consideration is the discharge length. Increasing the discharge length
would increase conversion as the residence time of the gas in the plasma region would be
greater. For example, one study demonstrated that a doubling of the discharge length caused a
2% increase in the conversion of reactants.24 The increase proposed by the group at this stage of
design was to go from a 45mm long reactor to a 1m long reactor and the associated increase in
conversion was approximated as eight percent.
Two more electrical design choices were considered: the discharge frequency and the
discharge profile. Initial discussions resulted in a decrease in the discharge frequency from 9
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kHz to 8 kHz and the use of a square voltage profile instead of a sinusoidal discharge profile.
This was supported by one study that demonstrated decreasing the discharge frequency
increased the conversion of products.25 As far as the voltage profile was concerned, another
study demonstrated that energy efficiency and normalized electron density increased by
switching the voltage profile to a square profile from a sinusoidal one.26 Both of these
considerations were changed in later design iterations after discussions with various experts.
One design choice that was kept exactly the same as the paper published by Wang et. al.
was the peak to peak voltage. The maximum peak to peak voltage was maintained at 30 kV as
discussed in Wang et. al. No literature could be found to indicate that changing this in anyway
would have an impact on the conversion. At this point it was assumed that the voltage type could
be either DC or AC.
The other design choice that was kept the same was the feed ratio of carbon dioxide and
methane. It was decided that, like the paper by Wang et. al., the feed ratio of CO2 and CH4
should be 1:1 or as close to 1:1 as possible. This would maximize the production of desirable
materials (methanol and acetic acid).27 Information on how exactly all the selectivities would
change if the feed ratio varied too far from this 1:1 was not available in the literature. That was
another reason for maintaining the same feed ratio from Wang et. al.
The primary disclaimer to all of this discussion is that for most of the physical changes to
the reactor, the impact on selectivity is not well studied. Literature exists on what physical
changes do to conversions of CO2 and CH4, as has been demonstrated above, but little to no
research exists on how physical changes may tune selectivity. Guesses may be made based on
the mechanisms of the specific reactions in question, but even the mechanisms have yet to be
studied in detail. As such, the selectivities are assumed to not vary much from what is reported
in the paper by Wang et. al. and not changed appreciably by changing flow rates, discharge
lengths, etc.
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Ultimately, all this theorizing and these discussions were incorporated into the first
design for the reactor, PR-1. The details of PR-1, including a mass balance and some preliminary
design work, are discussed in the next section.

D.3: PR-1
This first design iteration nailed down specific characteristics of the previous section into
a coherent design that resembled as closely as possible the design from Wang et. al. (albeit in a
parallel plate fashion) with minor modifications to increase conversion. These modifications
began with the structure of the reactor.
PR-1 was a parallel plate reactor. It was designed to have plate style stainless steel
electrodes and sheet glass making up the entire structure of the reactor. These sheets would be 1
meter long by 3 meters wide in dimension and approximately 1 millimeter thick. Stacking these
sheets up to a height of 1 meter would constitute one reactor block. Numerous reactor blocks
would be required to create the gas flow rate necessary to process the specified amount of gas
specified in the problem statement.
Similar to what was discussed above, the high voltage stainless steel electrodes would be
corrugated and have a power output of 200 watts. These 200 watts would radiate into a discharge
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gap both above and below the electrode. Ultimately, the design that was settled upon (which was
mentioned in the previous section) can be seen in Figure D.3.1.
The design in Figure D.3.1
represents one unit of the reactor.
The increase of the power output
along with the corrugation of the
stainless steel electrode
constituted a 23% increase in the
Figure D.3.1 One unit of the PR-1 parallel plate plasma reactor. It features a
corrugated high voltage stainless steel electrode and a 3 mm discharge gap
where plasma is generated both above and below the electrode.

conversion of methane and
carbon dioxide, as hypothesized

by the group. The reasoning behind this is identical to that discussed in the previous section.
The remaining physical specifications were a discharge gap identical to Wang et. al. at 3
millimeters and a discharge length of 1 meter (increased from Wang et. al.’s 45 millimeters).
Furthermore, the flow rate of gas through the reactor was increased from 40 mL/min in Wang et.
al. to 1 L/ min in the design of PR-1. These two design alterations were determined to be
inconsequential to conversion, as the group decided to maintain a gas velocity such that the
residence time of the gas in the reactor was maintained at two seconds, which is what Wang et.
al. presents as the residence time of their reactor. This was done on purpose such that the
selectivities from that paper could be used as a basis for the selectivities in the PR-1 reactor.
The other important physical specification about the PR-1 is that like Wang et. al., PR-1
uses a ground water electrode. This means that water moves through the process and is
grounding the reactor electrically. It also means that the gas bubbled through the reactor will

227

CO2 and CH4 to Liquids Via
Low-Thermal Plasma

Hess, Burghardt, McCloskey

have plenty of hydroxyl species with which to react, and it will have a liquid phase to condense
into if oxygenates are formed as a part of the plasma reaction. However, due to the high ratio of
the volume of water to the volume of gas (3.15/1), it also means that the oxygenate products
produced from the gas phase are very dilute once they condense into the liquid phase. This is
discussed further when the mass balance for this reactor design is presented.
The last design modifications were electrical. The voltage profile, similar to what was
mentioned in the previous section, would be 30 kV peak to peak voltage. Furthermore, the
voltage profile would be square, instead of sinusoidal, with a frequency of 8 kHz. The decrease
in frequency from 9 kHz in Wang et. al. to 8 kHz in the design of PR-1, as mentioned above, was
considered to have an increase in conversion of 1%.
Overall, these design choices fed into the assumption that the conversion of methane and
carbon dioxide would increase from the values reported in Wang et. al. of 18.3% conversion of
methane and 15.4% conversion of carbon dioxide up to a conversion of 42.3% for methane and
39.4% conversion for carbon dioxide.
At this point, the total number of reactor units and reactor blocks were calculated to
determine the footprint of the reactor complex. The details of these calculations are reproduced
below:
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D.3.1 Structural Details
Through each 3 mm gap of plasma, 1 L/min of gas will be flowing. Therefore, between
every set of glass plates, 2 L/min of gas will be flowing. This is what constitutes one unit of the
reactor (2 L/min of feed gas per unit of the reactor).
The size of each reactor configuration is important. Ideally, the reactors will be easy to
manufacture and replace pieces of, but not composed of many small units as they would each
need to be piped individually. Towards that end, the reactor blocks envisioned are 3 meters wide
by 3 meters tall by 1 meter long rectangles. It is calculated that 11 individual 3 meter high, 3
meter wide, 1 meter long units are required to achieve the flow rate of gas stipulated by the
problem statement. The calculations are as follows.
Target: 5000 SCFM CH4 + 5000 SCFM CO2
Convert to L/min: (10000 ft3 / min) * (1 L / 0.0353 ft3) = 283286.119 L/min
Each 14 mm x 50 mm x 1 m unit will process 2 L/min, therefore we need approximately
141643 units
In a 3 m wide by 3 m high box, we can get 3000 mm / 50 mm = 60 units across the
bottom and stack 3000 mm / 14 mm = 214 units. 214 * 60 = 12840 units per 3 m x 3 m x 1 m
box.
141643 units / (12840 units per box) = 11 boxes approximately
For the plant, it is desirable to have 12 reactor boxes in total to cycle reactors out of
commission to service periodically while maintaining 11 boxes active if needed.
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D.3.2: Mass Balance
From this starting point, the mass balance was begun for the PR-1 reactor. The first
objective was to determine the flow rate of water through the reactor. As a first approximation, it
was assumed that the flow rate of water through the PR-1 reactor scaled with the flow rate of gas
through the reactor. Below, the calculations for the volume ratio of water to gas in the PR-1
reactor is demonstrated.

Ratio of water to gas feed:
According to Figure 2 of the Wang et. al. paper’s supporting information [citation d], the
exposure time in the reactor to plasma is 2 seconds. The total volume of that reactor is 5.5135
mL. 40 mL of gas goes through a minute. With this information it is possible to calculate the
following:

(40 mL/min) * (1 min/60 s) * (2s) = 1.333 mL gas
4.18 mL H2O
Leads to 125.41 mL H2O/minute
Ratio of water to gas = 3.15

On the scaled up version, the flow rate of water through each unit of the reactor is then
3.15 L/min.
Therefore, the overall water demand is based on 283286.119 L/min of gas is
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892351.27 L/min of water or 892351.27 kg H2O/min

From this point, preliminary calculations determined the overall mass balance for the PR1 reactor. These calculations were as follows:

Flow rates in moles:
IN
CH4 = 5753.84 mol/min (IG law to convert from SCFM to moles per minute → (1 atm *
283286.119 L/min) / (300 K * 0.82057 atm * L / K * mol))
CO2 = 5753.84 mol/min
H2O = 49533792.66 mol/min

CONVERSION (based on conversion percentages described above)
CH4 = 2433.87 mol/min
CO2 = 2267.01 mol/min
H2O = ?

Selectivities out of the total conversion of CO2 and CH4 (using H2 and H20 to balance all
that is left) were taken from the Wang et. al. paper. The way they described selectivities in that
study is demonstrated in the text below with calculations of each components’ conversion
following:
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CO: 0.20
H2: 0.35 (from Figure 1 panel B of Wang et. al.)
C2H6: 0.0918 (assume a 9:1 split between C2H6 and C3H8, see Figure 1 panel B of
Wang et. al.)
C3H8: 0.0102
Acetic Acid: 0.199 (the sum of liquid products doesn’t add up to 39.1% overall because
of the strange definition of liquid selectivity in equation 6 of the figure above) → changed
slightly from Wang et. al.
Ethanol: 0.07 → changed slightly from Wang et. al.
Methanol: 0.07 → changed slightly from Wang et. al.
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Acetone: 0.009 → changed slightly from Wang et. al.

OUT
CH4 = 3319.97 mol/min
CO2 = 3486.83 mol/min
CO = 0.2 * (moles CH4 converted + moles CO2 converted) = 940.18 mol/min
H2 = 1645.31 mol/min
C2H6 = 0.0918 * (CO2 + CH4 converted) = 431.54 mol/min
C3H8 = 0.0102 * (CO2 + CH4 converted) = 47.95 mol/min

For the above liquid products, the selectivities provided above were out of the total moles
of carbon dioxide and methane reacted. Therefore, the production of each liquid component can
be calculated by the following:

Acetic Acid CH3COOH = 0.199 * (moles CO2 converted + moles CH4 converted)
= 935.47 mol/min acetic acid
Ethanol = 0.07 * (CO2 + CH4 converted) = 329.06 mol/min
Methanol = 0.07 * (CO2 + CH4 converted) = 329.06 mol/min
Acetone = 0.009 * (CO2 + CH4 converted) = 42.3 mol/min
H2O = ?
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The amount of H2O left after traversing the plasma reactor was left an open question.
The conversion would certainly be small with respect to the total amount of water fed initially,
but how much was converted remained unanswered. The results of the above calculations
demonstrate that the concentration of oxygenates in the liquid stream coming from the reactor is
exceedingly small. The exact values are detailed in Table D.3.1 below.
Table D.3.1 Flow rates for the liquid stream leaving the PR-1 reactor. The mass percent of the liquid products is too
small for later separations.

Species

Flow Rate (kg/min)

Mass Percent

Water

892351.3

99.99%

Acetic Acid

61.8

0.0069%

Ethanol

15.2

0.0017%

Methanol

10.5

0.0012%

Acetone

2.5

0.0003%

These concentrations would make separations completely impossible and the entire
process economically unviable. Even if the flow rate of water were halved or cut to 10% of the
current flow, there would still be too much water in the liquid stream coming from the reactor.
The group decided at this point to scrap the design of PR-1 and continue the design process to
build a reactor without a large bulk water phase. This would also necessitate having a ground
stainless steel electrode (instead of the ground water electrode) and potentially required the
addition of some means of keeping the reactor cool, as in PR-1 the cooling is primarily from the
bulk water phase. All of these challenges were addressed in the design of PR-2.
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D.4: PR-2
PR-2 was the second attempt at designing a plasma reactor for this process. A couple
different design choices were considered, for example the possibility of misting water directly
into the plasma reactor was discussed, but the group settled on using a water film plasma reactor.
The motivating idea was the desire to have a liquid phase within the reactor for oxygenates to
condense into, similar to PR-1, but with less total water in order to produce a less dilute product
stream. Additionally, at this point in design it was assumed that cooling water would be
necessary to make sure that oxygenate products did not become too hot and vaporize. It was
theorized that being contained in the liquid phase would protect the oxygenate products from the
plasma and preserve them once they were created in the reactor.
One of the primary benefits of choosing a falling film plasma reactor as a design was that
there was a basis in the literature to draw from and patents that used similar concepts. For
example, one recent study from the Journal of Physics discussed an annular falling film plasma
reactor.28 This reactor from the paper by Kovačević et. al. was an NTP reactor where the plasma
was in contact with a water film through its entire residence in the reactor. It was designed for
pollutant degradation in water. Diagrams and photos of the reactor apparatus are provided below
in Figure D.4.1.
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Figure D.4.1 (a) A diagram of the falling water film reactor used in Kovačević et. al. (b) A photograph of the
discharge area in the plasma reactor used in Kovačević et. al. (c) A top down view of the discharge area of the
plasma reactor used in Kovačević et. al.

This design depicts a DBD reactor with water flowing up in the center of a grounded
stainless steel electrode in the shape of a tube and then falling as a thin film on the other side of
the electrode. The high voltage electrode was put on the plasma side of the discharge gap,
opposite of the falling water film. The water flowing over glass acted as an additional dielectric
barrier between the two electrodes through the discharge gap. The reactor ra at atmospheric
pressure and ambient temperature with a total flow rate of gas of 5 L/min. The flow rate of water
was substantially less, at 125 mL/min. The reactor was designed to have a length of 500 mm and
a 4.5 mm discharge gap. The frequency for discharges was 300 Hz with a peak voltage of 20
kV.
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The group agreed that this design was similar to Wang et. al.’s design and could be useful
for designing PR-2. Specifically, PR-2 would be designed such that water would flow up a
central channel and then be pulled down by gravity in the same direction as the gas flow over
glass within the discharge gap. Like the reactor in Kovačević et. al., gas would flow in PR-2 in
the same direction as the liquid. Additionally, there would also be no contact between the water
and the high voltage electrodes.
According to Kovačević et. al., this design produced electrical discharges that were still
filamentary, even with the increased dielectric barrier of glass and water. While the water on the
inner surface reduced the number of filaments, they appeared to be thicker than a standard DBD
reactor (i.e. a reactor without any water present in the discharge gap). It was found, however, that
the presence of water increased the breakdown voltage for the reactor. However, it still was
likely that the PR-2 design would have a lower breakdown voltage than that of PR-1 due to the
presence of less water overall.
Kovačević et. al. noted additional behavior about the water in the plasma reactor.
Specifically, as water came into contact with the plasma it became ionized and more conductive.
They also found that a decrease in the pH of
the water occurred. This was primarily due to
the dissociation of the water molecules in the
liquid phase. They also found significant
electron dissociation of humid vapor can lead
to highly reactive O and OH species, as
Figure D.4.2 Mechanisms for H2O composition
proposed by Kovačević et. al.
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demonstrated by the proposed mechanistic diagram in Figure D.4.2.
Kovačević et. al. delved into this topic of water treatment in which the production of
hydroxyl radicals is very important. However, this information also helps to demonstrate
qualitatively that this design would provide hydroxyl radicals in the vapor phase with which
oxygenates could be produced.
The other study that motivated this design was performed by researchers at the University
of Michigan and was published in the Journal of Physics.29 The study was a computational
investigation of an atmospheric pressure thin water film plasma reactor. Like the study by
Kovačević et. al., Mohades et. al. were also interested in the application of the thin water film
plasma reactor for water treatment purposes. The concept was that plasma activated species
would permeate the water and treat contaminants and pollutants as the water flowed over the
electrodes.
The most important finding from this particular study was that they set the film thickness
of water dripping down a cylindrical electrode to be 0.22 mm in their simulation. This film
thickness is likely a function of the reactor geometry (in this case it was an annular 4.5 mm
discharge gap), but the 0.22 mm thick water film was taken as the basis for later design
calculations on PR-2.
The other findings from the paper reinforce the findings from the previous study,
Kovačević et. al. Specifically, Mohades et. al. found that oxygen and water related species in the
gas phase were created from the presence of the water film. The concentration of these reactive
species were also found to be a function of the gas flowing over the water itself. This result was
provided in a graphical format in that paper and can be seen in Figure D.4.3.
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Mohades et. al. also found that the required
energy to dissociate an H2O molecule by this
reaction [H2O + e- → H+ + OH-] was a 4.5 eV
electron. They also found H2O+ species present in
the gas phase along with multiple types of reactive
oxygen species (O3- O2- O2+, etc.). Provided with
the paper was a list of the mechanisms assumed to
be at play in the creation of hydroxyl species. These
Figure D.4.3 Density of gas phase reactive oxygen
species during the first discharge pulse of the first
cycle for different feed gases (a) Argon (b) Helium
(c) Air (d) O2 (e) N2.

reactions are also listed in Figure D.4.4 and are
assumed to be part of the reactions occurring in the

PR-2 reactor.
Finally, the paper also
found that the reactive species
were consumed between the
pulses of the rather low pulse rate
30

of 600 Hz. For example, the

Figure D.4.4 Hydroxyl species reactions, including the dissociation of
water and the production of aqueous hydroxyl species.

reactive OH- species were consumed within the time frame between these pulses in the reactor.
The final sources used to create the model for this PR-2 design were two patents by Dr.
Robert Wandell from Florida State University (FSU) (filed by Locke et. al.). The first was for a
water film plasma reactor at ambient conditions that utilized air to produce fertilizer for farmers
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(US-10,589,252 B2).31 This reactor was a low pressure (0.1 bar – 2 bar) reactor that used water
constantly being sprayed in at the top as a means of keeping the reactor cool (between 0 and 100
C according to the patent). The gas flowing through the reactor was air in this case. The second
patent (US 10,610,850) was for a reactor system that had a similar set-up but reacted hexane and
cyclo-hexane in an inert argon gas stream also with water in a thin film on the sides of the
reactor sprayed in the top by a nozzle.32
These patents confirmed the notion that OH molecules provided by water were critical to
reactions. Additionally, they noted that the gas-liquid interface in the reactors would be highly
turbulent, as the nozzle sprayed in gas at a pressure of 60 PSI. For the fertilizer application, the
gas flow rate was approximately 0.3 L/min and the water flow rate was approximately 4 mL/min.
The similarities between this reactor design and the reactor design the group was hoping to
engineer encouraged the group to eventually reach out to and talk with Dr. Robert Wandell. This
is discussed later in the section.
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After this initial overview of
the literature, design of the reactor
began. The initial set-up was sketched
and is provided in Figure D.4.5.
This sketch has a couple of
flaws that were not corrected as the
PR-2 design was scrapped before they
could be addressed. For example, the
water should be flowing up a middle
channel and be surrounded on either
side by ground electrodes, then pour
out over the glass. Additionally, the
high voltage electrodes should be on
the side opposite the water film in the
discharge gap (i.e. the material labeled

Figure D.4.5 A sketch of the PR-4 falling film plasma reactor.
Each reactor unit contains channels of water to form the falling
water film and a high voltage electrode.

heat transfer surface in the diagram should be the high voltage electrode). Additionally, a vertical
orientation of the reactor is necessary to induce the flow of water required to form the thin film.
The basic concept is still maintained, however, in that the discharge gap contains both plasma
and a thin water film.
In this design, gas would have to be piped in from the top and flow downwards. Process
water for the film would have to flow upwards in a central cavity then overflow and be pulled
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downwards by gravity in the discharge gap. A horizontal design for the plates would not be
conducive to water flow in the film.
Calculations were also performed for this design. These notes are provided below. They
are kept in a bulleted format and not presented in a polished manner. That is because there may
be errors and this design was eventually scrapped. The purpose of putting these notes here is to
demonstrate the thought process behind the design and to provide a starting point in case in the
future a design similar to PR-2 is proposed for an industrial process.

D.4.1: Structural Details
•

One flat plate unit: 1 meter long, 50 mm wide. PR-1 reactor design had 1 L/min of CO2
and CH4 mixture going through, but that was at a ratio of 1 to 3.15 for volume of gas to
water. For PR-2, a 0.22 mm layer of water is assumed.

•

o

0.22 mm * 1000 mm * 50 mm = 11000 mm3 is the volume of water

o

2.78 mm * 1000 mm * 50 mm = 139000 mm3 is the volume of gas

New ratio: 139000 mm3 / 11000 mm3 = 12.63 gas to water ratio instead of 1.333 m3 gas
/ 4.18 mm3 water.
o

Old flow rate of gas was 1 L/min water was 3.15 L/min of water

o

Now water flow is determined by gravity
▪

How fast does water go down the side of that reactor?
▪

o

This is a fluid mechanics/physics problem

Total volume for gas goes from 47727.27 mm3 to 139000 mm3, a 2.91 increase
▪

Close enough to just run 3 L/min of gas through the reactor (should be a
little more than ~2.91 L/min)
▪

Will produce a less powerful plasma but at the same time keep the
gas cooler
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▪

Additionally, there is already less water to consider, discharge may
be stronger with less water present

▪
•

Total volume of gas per unit is 6 L/min

Height of 1 unit is 16 mm (will need a 3 mm addition on the last unit in the reactor so that
cooling water is on both sides of the unit)

•

o

Total flow rate required in gas: 283286.119 L/min

o

Total number of units required: 47214.35 units

o

Make box 3 m wide get 60 units next to each other

o

Make box 3 m high
▪

Overall get 11250 units per box

▪

4.2 boxes required, suggest having 5 boxes

Exact box dimensions:
o

1 meter long, 3.003 m high, 3 m wide
▪

This design needs to be vertical such that the flow of the water film is due
to gravity

•

Can deal with exact number of boxes later

D.4.2: Fluid Mechanics
•

Everything here is flowing in a slit, will require special fluid mechanics

•

Water Film
o

Volumetric flow rate
▪

•

Cooling water
o

•

How fast does the water flow down the glass surface?

Slit flow

Gas flow
o

Want it to be turbulent
▪

Will create a good mixing of reactants to hopefully create all the products
desired

▪

Will have good heat transfer to keep plasma cool
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How can we accomplish this?

How much gas do we have flowing?:
(1 atm * 5000 ft3/min) / (303 K * 1.31443 ft3 * atm * K-1 * lbmol-1) = 12.554
lbmol/min CO2 and 12.554 lbmol/min CO2
Convert that to mol/min: use 453.59 mol/1 lbmol
Get 5694.47 mol CO2/min 5694.47 mol CH4/min into the reactor total

D.4.3: Energy Balance
Heat To Be Dissipated By High Voltage Electrodes:
•

One cooling water unit will need to dissipate ~200 W
o

Each cooling water unit is positioned between a plasma area on each side

o

Each high voltage electrode is 200 W, provides 100 W above and 100 W below it
(assume it is evenly spread)

•

Assume heat capacity of water is constant at 4184 J/kg*K
o

Water enters at 90 F, can leave as high as 120 F (305 K to 322 K)

o

Use q = mCpDeltaT to find the amount of mass we need
▪

Assumes perfect heat transfer, we can get more specific with heat transfer
material later

▪

200 [J/s] = [kg/s]*4184[J/kg*K]*[17 K]

▪

Need 0.00281 kg/s

▪

Density of water ~ 1000 kg/m3, this converts to 0.00281 L/s
or

•

0.1686 L/min ~ 0.170 L/min

Therefore, the amount of water overall is
o

0.170 L/min*unit * 11250 units per box = 1896.75 L/min per box

o

0.170 L/min*unit * 47214.35 units = 8026.44 L/min overall

Proposed Heat Transfer Materials:
•
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Not an option really, bad heat transfer

•

Ceramic

•

Steel

Final Heat Transfer Calculation:
•

Will depend on gas mixing ability, material used, and flow rate of water through the slit

D.4.4: Fluid Mechanics of Falling Water Film
We will not consider the impact of what happens if the flowing gas produces waves.
Detailed modeling of the fluid mechanics of the falling water film are beyond the scope of the
project. The purpose of analyzing these fluid mechanics is to find the flow rate of water trickling
down glass in a vertical orientation, assuming a 0.22 mm film.33 Then assumptions will be made
for how much the layer grows given the condensation of other species (e.g. the oxygenates
formed).
Sources are available that detail equations for the fluid mechanics of liquid flowing down
a vertical plane. For example, a source from the University of Kaunas in Norway lists all the
required fluid mechanics for flow down a vertical plane.34 Specifically, Nusselt’s solution to the
equation of motion is used in that paper to produce the following equations:

Equation 1
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Equation 2

Equation 3

Equation 4

Where each variable is defined in Figure D.4.6.
Solving these sets of equations once for water
can yield a decently accurate solution for the flow rate
down the film. Thereafter, it is possible to use this
flow rate to determine the mass composition of various
components in water by the end of the water film’s
journey down the glass sheets in the reactor. With that
information, the equations can be solved again. Then
the mass balance can be performed again. Essentially,
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this problem can be solved by iteratively updating the mass balance and the flow rate until they
converge to a reasonable solution.
This iterative solution is necessary because the water is gaining mass of various liquid
oxygenate components as it is falling down the glass plane. The initial guess for velocity will be
based on just the water in the film, then be iteratively updated. The condensation of oxygenates
will be important as it will change the viscosity and the thickness of the film layer. As an
assumption, we are assuming the rate of the reaction is spread out evenly across the entire length
of the 1 meter film. This assumption is likely incorrect, as the rates will change as the reactor
length progresses, but we will use this constant reaction rate assumption to create a simple model
of the fluid mechanics within this reactor. This iterative solution can be performed in an excel
sheet.
The only caveat is that it is difficult to know what the paper from the University of
Kaunas means by wetting density. Therefore, only a single wetting density will be used, back
calculated from the assumed water film thickness of 0.22 mm. Again, this 0.22 mm for the water
film thickness is the value reported by the study performed by Mohades et. al. from the
University of Michigan.
From this value of 0.22 mm as the water film thickness, it is found that Γ = 0.0443
kg/m*s is the wetting density. This wetting density will be used for all fluid mechanics
calculations with regards to the water film. The full mathematical equation is presented below.
Γ = 0.0443 kg/m*s
(2.2*10^-4 m) = (3 * Γ * 8.005*10^-5 m2/s)^(⅓) / (9.807 m/s2 * 995.67 kg/m3)^(⅓)
This is from the equation labeled as equation 3 above.
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The final calculation that iteratively solved the fluid mechanics of the water film was
never performed. The reactor design was scrapped before it was calculated.

D.4.5: Fluid Mechanics of the Cooling Water Slit
It is desirable to determine the pressure drop of cooling water travelling through the 1
mm thin slits and determine what friction a pump would need to overcome. This is a solved
geometry. It is possible to get the analytical solution for water flow in a slit (the flow of the
gaseous plasma slit will be more difficult due to the complications of the water film).
If it is laminar flow, online sources clearly demonstrate how to solve the geometry.35 The
necessary equations are:

Equation 5

With the average velocity equaling

Equation 6
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But this is for downward flow in a slit. The diagram
for this flow is presented in Figure D.4.7.
Modifications to this solution are necessary, as the
flow of water in this reactor will be upwards, against the
force of gravity for the process water that forms the falling
liquid film. For the cooling water, the flow will be cross
flow (the piping of gas will go from top to bottom
necessitates the cooling water be piped going from side to
Figure D.4.7 Diagram for downward flow
(with the force of gravity) of water in a slit.

side).

D.4.6: Considerations and Mass Balance
The amount of water running down the wall on the glass panels in the reactor cannot be
changed. Therefore, the way to concentrate the oxygenate products in the liquid stream leaving
the reactor would be to increase the wattage in the discharge gaps and increase the amount of gas
going into the reactor per minute. This will reduce the amount of water total going through the
system compared to the gas going through the system because the gas flow rate can be controlled
separately from how fast water is going through the reactor. Therefore, if it is necessary to
increase the concentration of the oxygenates in the water, a lot of gas needs to be flown through
the reactor compared to the amount of water flowing through the reactor.
As a thought experiment, calculations can be performed where each high voltage
electrode produces 2000 watts, so instead of 100 watts into each plasma chamber it is 1000
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watts. Then we can try to increase the volume of gas going through the chamber from 3 L/min to
30 L/min.
This will reduce the number of units required by a factor of 10. 4721.43 units are now
required. With that small number of units required, it is likely best to just make the reactor one
single block. It will probably have a second reactor block established in parallel with the other so
that if maintenance is required on one, the process can shift to using the other.
We can now calculate the total amount of water used overall. 4721.43 units * 2.2*10^-4
m * 0.05 m * 0.203 m/s * 60 s/min * 995.67 kg/m3 = 629.8481 kg/min of water overall. With the
current math on the film, that yields the following mass percentages of products in the outlet
stream from the reactor:

250

CO2 and CH4 to Liquids Via
Low-Thermal Plasma

Hess, Burghardt, McCloskey

Table D.4.1 Mass flows and percentages for the effluent stream from the PR-2 reactor. The products ideally in the
gas phase following separation are in red, the products ideally in the liquid phase following a separation are in blue.
Species

Mass (kg/min) (OUT)

Percent

Methane

52.71

Carbon Dioxide

182.27

Hydrogen

2.81

Carbon Monoxide

24.76

Ethane

1.58

Propane

0.80

Water

617.40

87.40%

Acetic Acid

63.12

8.94%

Ethanol

12.78

1.81%

Methanol

11.03

1.56%

Acetone

2.07

0.29%

Total (Liquid)

706.3889483

Total (Gas)

264.9344744

Total (Both)

971.3234227

Where the products that would ideally be in the gaseous phase are in red and the products
ideally in the liquid phase are in blue. The mass fractions of the products are still very small, but
better than the PR-1 reactor.
Now, with this mass balance it may be possible to iterate on the film thickness and speed
to get a consistent answer for the fluid mechanics of the film.
Iterations were performed until the water film had a speed of 0.201 m/s. The water flow
rate was then 623.2328 kg/min. The answer converged. However, one more change needs to be
made. To make the atoms balance, we need to tweak the selectivities of a few species. In order to
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balance, the amount of gaseous hydrocarbons produced were decreased and the amount of
methanol produced was increased. This assumption is validated by observing that the pathway
for producing methanol is best understood by the dissociation of CH4 into CH3 and combining
with an OH. With the large prevalence of OH molecules, it is likely that this occurs favorably
compared to production of propane and ethane. Methanol may also be made more readily than
ethanol as ethanol is a bigger molecule and may decompose more readily in the plasma. More
details about these mechanisms may be found in the Plasma Reactor Research Appendix C.
To balance the hydrogens, the amount of ethane produced was decreased and the amount
of CO produced was increased. A lot of the issues with the atomic balance likely come from the
gaseous products; many reactions are occurring in there and it is hard to say exactly what is
happening. To finalize the balance, it is likely necessary to change the amount of methanol too as
well. Finally, water will be reacting (that is how OH molecules formed).

This summarizes all the design work that went into PR-2. While there were no
fundamental flaws with PR-2, the design still only enabled an 8.94% concentration of acetic acid
in the liquid product stream. The concentrations of ethanol, methanol, and acetone were 1.81%,
1.56%, and 029%, respectively. These concentrations were by mass and assumed a perfect flash
distillation in the separation of liquid and gaseous components. In reality, it would likely have
been slightly worse concentrations.
The primary problem is that if there is a liquid phase to condense into, the water will
dominate the mass fraction of the liquid components. Flowing water at a slower flow rate is not
possible, as that speed is determined by gravity.
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The proposed solution was to use humid gas instead of any kind of water in a liquid
phase inside the reactor. This was proposed by Dr. Robert Wandell from FSU, one of the authors
of the patents discussed above. The group was put into contact with Dr. Wandell by reaching out
to RedHill Scientific, the company commercializing his NTP falling water film reactor.
Dr. Wandell had numerous pieces of advice. First, he gave numerous suggestions that
apply generally to plasma reactors. For example, he suggested that higher frequency electrical
pulses with a lower amount of energy per pulse can strongly increase energy yields (e.g. less
energy goes towards heating the gas and more energy goes towards exciting electrons). This
would increase the conversion per unit input of electricity compared to a reactor with a lower
frequency and higher energy per pulse, which would presumably produce a hotter gas.
He also confirmed that OH species are produced by water in plasmas. He stated that the
OH species from the plasma would create alcohols and ketones that would come out in the liquid
phase from the reactor. He also suggested that for plasma reactor applications, the power supply
is very important and it would be essential to research advanced power supply systems for a
successful reactor.
Finally, he stated that a falling water film reactor was only viable for fertilizer because
the mass fraction of fertilizer in water being low was not a problem for that specific application.
The fertilizer produced was dilute, but that dilute water stream could be applied directly to
plants. He suggested that design alterations would be necessary to make a plasma reactor viable
for production of bulk chemicals, given that multiple separation stages would be required to
produce anything of value.
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Towards that end, he suggested the group look into using humid gas as the feed into the
reactor. The humid gas would provide the OH species for the production of oxygenates, but can
be tuned so that water will only be a minor component after the initial condensation of the
products stream. This is an area of research that has not been studied thoroughly, so the
economic analysis of a humid gas NTP DBD reactor would be valuable if the process were to be
economically viable.
This led to questions about heat transfer, coking, and stability of products if not protected
in a bulk liquid phase. For example, would the oxygenate products be protected from the plasma
if there wasn’t a liquid phase to condense into? Would the glass reactor walls be subjected to
more coking if there wasn’t a film of water covering it? Would the reactor be cool enough if
there wasn’t a thin liquid film in the discharge gap?
Overall, the suggestion did significantly reduce the complexity of the fluid mechanics in
the reactor. Additionally, it was determined that it would solve problem of a dilute product
stream. As such, the result of this conversation with Dr. Wandell was that the group moved on
from PR-2 and began the design work for the third iteration of the plasma reactor: PR-3.

D.5: PR-3
PR-3 was the first attempt at designing a reactor that utilized humid gas as the only feed
to the reactor. The idea of supplying a separate liquid phase in the reactor was rejected in PR-2.
The idea would be to flow humid gas through the reactor and use cooling channels on the outside
of the discharge gap with cooling water to condense the oxygenates as they formed in the gas
phase. These channels would also prevent the reactor from becoming too hot.
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However, the design for PR-3 did not get very far. This is because it was determined
based upon the heats of formations of the products and reactants in this process and the amount
of electricity supplied to the process that the total heating of the gas as it traversed through the
reactor would be manageable without cooling. It was calculated to be on a similar order to what
PR-4 calculates in the section on the ‘Heat Balance’, a 128.4 C adiabatic temperature increase as
the gas travels through the reactor.
Before this realization was made, however, some drawings and calculations were done on
the PR-3 model. Like the previous sections, the details of these calculations are provided in
hopes that if a project were to be created based on these rejected designs a design team would
have a basis to start from. These calculations begin below.
The reactor unit envisioned for the PR-3 is displayed below in Figure D.5.1.

Figure D.5.1 One unit of the reactor for PR-3. It includes two discharge gaps 3 mm in height each and two cooling
channels, all surrounding one high voltage electrode.

As can be seen in this diagram, there is still a cooling element to this reactor. The reactor
unit begins with a 2 mm wide gap fitting a corrugated stainless steel high voltage electrode
surrounded on either side by a 1 mm thick sheet of glass. The discharge gaps are 3 mm on either
side of that with a 1 mm thick cooling water channel sandwiched between two stainless steel
ground electrodes on the far ends. The total unit height for this arrangement is 13 mm. It will be

255

CO2 and CH4 to Liquids Via
Low-Thermal Plasma

Hess, Burghardt, McCloskey

necessary to flow in gas from one face of the reactor box and to flow the cooling water (plumbed
separately) from one of the other sides of the reactor. As such, the flow of gas and cooling water
will be orthogonal.
The electrical specifications were designed such that the reactor would experience pulses
at a frequency of 10 kHz. It was planned that the pulses would be 100 nanoseconds long. This
was theorized to have the highest efficiency and heat the gas the least as it traveled through a
reactor. Lowering the frequency and increasing the pulse length would have the effect of heating
the gas up significantly, which at this stage of the design of PR-3 it was assumed it would be
necessary to avoid.
The next task undertaken for the PR-3 reactor was addressing the fluid mechanics in the
reactor. For example, the pressure drop between two parallel plates was found using the
Reynold’s number and correlations for the Fanning friction factor. Thereafter, an equation from
Wilkes’ fluid mechanics textbook was used to get the pressure drop (the equations reproduced
below):36

The correlation for the Fanning friction factor was taken from Perry’s Chemical
Engineering Handbook Seventh Edition.37 The seventh edition indicates that Wankat’s Rate
Controlled Separations textbook has correlations for heat and mass transfer through parallel
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plates. Page 737 of the first edition (1994 Reprinted) states that the Fanning friction factor can be
calculated by the following:38

Page 738 says this correlation can be applied to parallel plates if the following hydraulic
diameter is used to calculate the Reynold’s number:39

From this point, the Reynold’s number was calculated.
Re = (density * mean velocity * effective diameter) / viscosity
In the gas phase, for this Reynold’s number calculation the average of the properties of
CO2 and CH4 were used:
Flow speed: 0.5 m/s (residence time is 2 seconds)
Viscosity: 1.52*10^(-5) Pa*s [kg/s*m] CO2 1.13*10^(-5) [kg/s*m] average is
1.325*10^(-6)
Density of gas: 1.86 g CO2/L, 0.657 g CH4/L, a 1:1 mixture of these will have an average
density or 1.2585 g/L or 1.2585 kg/m3 (ignore the small amount of water in the gas)
De (effective diameter) = 4 * (2 * 0.003 m * 1 m) / (2 * 0.003 m + 2 * 1 m) = 0.01196 m
Re (Reynold’s number) = (1.2585 kg/m3 * 0.5 m/s * 0.01196 m) / (1.325*10^-6) =
5679.87
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Using equation 13-10c yields the following friction factor.
f (friction factor) = 0.00911
This corresponds well to this moody chart from Wilkes’ Fluid Mechanics textbook (see
Figure D.5.2).40 A good estimate would be around 0.01, but this isn’t far off from the chart which
is provided below.

The calculation for the pressure drop
through the reactor can then be used. It is
reproduced below and is based on equation
3.53 from the Wilkes’ Fluid Mechanics
textbook.41

Figure D.5.2 The fanning friction factor for flow in pipes
versus Reynold's number. Taken from Figure 3.10 of
Wilkes' Fluid Mechanics textbook.

-DelP = 2 * f * 1.2585 kg/m3 * 0.5 m/s * 0.5 m/s * (1 m / 0.01196 m)
= 0.38 N/m = 0.38 Pascals
This applies for one unit of the reactor in the reactor block. Overall, the effective result is
a pressure drop of zero. This is caused by the vapor’s sufficiently low viscosity and the fact that
it is traveling at a low speed through this unit. Now the same calculations need to be performed
for the water in the cooling water slits. The properties of water are enumerated below:
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Dynamic Viscosity = 0.0010518 Pa*sec [kg / s * m]
Density = 995.65 kg/m3
The velocity of the water through the cooling water slits will depend on how favorable
the heat transfer is between the water and the gas. The best case scenario is that the flow rate of
water required to cool the reactor is very small. Therefore, for this initial estimate a low flow rate
of cooling water is assumed.
Velocity = 0.1 m/s
De = 4 * (2 * 0.001 m * 1 m) / (2 * 0.001 m + 2 * 1 m) = 0.003996 m
Re = 378.26 Laminar
f = 16/Re = 0.042298
-DelP = 2 * f * 995.65 * (0.1*0.1) * (1/0.003996) = -210 Pascals
For heat transfer, a 1 mm thick stainless steel plate will be used with gas on one side and
water at 30 degrees Celsius on the other. The two will be in cross flow. It is necessary to
dissipate 200 * 4600 watts or 920 kW over the entire unit.
Another way to think about it is each 1 mm high by 1 meter wide by 1 meter long water
cooling unit needs to dissipate 4000 watts. This is because the width of one reactor unit is 50
mm. In total 20 of these fit in a horizontal cross section of the reactor. Each produces 200 watts
for 4000 watts total to dissipate by the adjacent layer of cooling water.
Heat transfer correlations are required to solve this problem which involves turbulent gas
and laminar water in cross flow over a stainless steel plate. Using Perry’s Handbook (Third
Edition), this can be solved. Perry’s provides a chart with a correlation called ELF.42 That
correlation and graph is provided below in Figure D.5.3:
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Figure D.5.3 Reynold's number versus J for various fluid flow geometries. For the purposes of this report, the curve
of interest is ELF and it is used to find the heat transfer coefficient in the gas in the discharge channel.

This correlation is designed to be used for a parallel plate. The only quantities that need
to be calculated are the properties such as heat capacity, viscosity, thermal conductivity of the
gas, etc. These will all be gas side properties, and from the heat transfer coefficient h calculated,
it is possible to determine how much water will be needed to run through the system to cool the
gas.
X (in the diagram from Perry’s above) is the Reynold’s number calculated above (using
the Reynold’s number for the effective diameter of the duct that the gaas is flowing through)
X = Re = 5679
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J ~ 0.01
Cp = heat capacity = average for methane and CO2 = (849 J/kg*K + 2232 J/kg*K) / 2 =
1540.5 J/kg*K
Viscosity = 1.325*10^(-6) kg/s*m
Density = 1.2585 kg/m3
K = thermal conductivity of stainless steel = 15 W/K*m (to be used later)
K_gas = 0.0339 + 0.01663 / 2 = 0.025265 W/m*K
V_infinity = 0.5 m/s
Unit analysis demonstrates the units cancel properly and will provide a heat transfer
coefficient. The full calculation is
0.01 = [(1540.5 * 1.325*10^(-6))/0.025265]^(⅔) * (h/1540.5 * 0.5 * 1.2585)
The result is that h = 51.869 W/K*m^2
Now it is necessary to calculate the heat transfer coefficient of the water on the other side
of the slit. A standard heat transfer correlation for water in laminar flow through a duct (albeit a
very small duct) can be used. Bergman’s textbook on heat and mass transfer can be used to get a
correlation to find this h value on the water side of the stainless steel plate.43
A Nusselt number of Nu = 4.36 can be used for a laminar, fully developed flow with a
uniform heat transfer across a plate. The chart depicting this solution is provided below as Figure
D.5.4. It is assumed that the length of the slit is much longer than the entry region (e.g. the plate
is sufficiently long to neglect entry effects).
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Figure D.5.4 Correlations for friction and the Nusselt number of a laminar, fully developed flow of fluid in a pipe at
constant heat flux. Taken from Table 8.4 in Bergman’s Heat and Mass Transfer textbook.

From this, it is possible to use the definition of the Nusselt number to get the h value for
the water side of this heat exchanger.
k_water = 0.6145 W/K*m
4.36 = h*L/k_water = h*1/0.6145
h = 2.68 W/m^2 * K
Now it is possible to use this h value to determine the amount of water running through
the cooling slits in the reactor. A standard heat transfer equation can be used with a factor to
account for the crossflow nature of this cooling water design.
1/U = 1/h_gas + 1/h_water + ln(D_o / D_i)/2*pi*k_stainless*L
For the wall term (ln(D_o / D_i)/2*pi*k_stainless*L): Consider the middle of the reactor
to be where the gas begins in the plasma. The inner wall is 3 mm away (D_i), the outside wall is
4 mm away (D_o). So that term overall is 0.00305. Overall, this term is small enough that it will
not impact the overall answer.
The result from this calculation is that the U value for this reactor is
U = 2.529 W/m^2 * K
To determine the temperature of the gas, a worst case scenario can be assumed where all
the input power goes towards heating the gas and then the assumption can be considered for
whether or not this is reasonable.
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Towards that end, the heat of reaction also needs to be approximated. Then this power
input from the high voltage electrode can be canceled against the endothermic nature of this
reaction. Strictly speaking, there is no defined mechanism for these series of reactions, so the
heat of reaction is unknown. One possible approximation would instead be to use the heat of
reaction for steam reforming of methane (SMR) and dry reforming of methane (DMR). Those
reactions and the values of those heats of reaction are displayed below:
CH4 + H2O → 3H2 + CO DeltaH = 206 KJ/mol
CH4 + CO2 → 2H2 + 2CO DelaH = 247 KJ/mol
Both reactions are endothermic. For the later calculation of heats of reaction on a per
mole basis of CO and H2 produced, the average endothermic reaction is 226.5 KJ/mol.
Furthermore, the standard heats of formation for methanol, ethanol, acetic acid, and
acetone can be used to see how much heat is released by forming these products. This can be
added to the heat absorbed from the methane reforming reactions by assuming there is a 50:50
split between dry methane reforming and steam methane reforming in terms of the contribution
to a heat of reaction (see the average above). All of this can be added on top of the amount of
heat released by the high voltage electrode:

Acetic acid: -438.1 KJ/mol * 174.72 moles
Ethanol: -277.05 * 47.59 moles
Methanol: -251.3 KJ/mol * 47.59 moles
Acetone: -249.4 * 6.79 moles
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Total = -103382434 joules

This is where the calculations were ended. At this point, it was assumed that the heats of
formation for all products minus that of all the reactants could be used together to determine the
heat of reaction for the entire reactor. When this calculation was performed, the results were such
that the adiabatic temperature rise was nearly 130 C, a very manageable increase. This is not
reproduced in this section, as it is included in the section for PR-4. Additionally, the calculations
for the amount of cooling water required was never completed, as the cooling component was
removed for the design of PR-4.
The primary reason why the design of PR-3 failed was the realization that the cooling
channel would be unnecessary or even counter-productive. Specifically, if the cooling channel
did its job effectively, it would condense oxygenate products as they were formed. This would
create a two-phase reactor system. Even though there is the possibility that the oxygenate
products may be protected from the plasma if they were to condense into a liquid phase, the
design of the reactor would become much more complex if two phases needed to be considered.
Therefore, it was determined that as long as the adiabatic temperature rise was maintained below
the point at which the oxygenates would decompose (approximately 440 C), it was determined to
be favorable to have enough heating in the reactor to keep the oxygenates in the gas phase.
This led inevitably to the assumption that the oxygenates would survive in the plasma
phase. This assumption is untested, but it is a pivotal one that is necessary for the success of the
PR-4 reactor design. This allowed some flexibility in the electrical system design for PR-4 which
was made to be a 1 kHz pulse frequency with a pulse length of 250 nanoseconds. The
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assumption is that this lower frequency and longer pulse length would enable more electrical
energy to go towards heating the gas phase in the discharge gap of the reactor. This design
choice, along with the decision to remove the cooling water channel, prompted the design of PR4, no longer a non-thermal plasma reactor but rather a low-thermal plasma reactor.

D.6: PR-4

The PR-4 (Plasma Reactor 4) uses a parallel plate DBD design to generate a plasma in
the incoming gas phase and produce products. It is the culmination of multiple design iterations
that is the most efficient and simplest design suggested. The major alteration from the PR-3
design is that the cooling component for the reactor has been removed and have instead the
product stream is cooled in a knockback condenser downstream of PR-4. The design also
removed any running water or liquid phase component by adding a humidifier upstream in the of
a mixer where steam is added to the feed stream.

D.6.1: Structure and Plumbing
The structure of the PR-4 is based around repeating plasma units. These individual units
are based on the paper by Wang et. al. with modifications designed to increase conversion and
reduce the amount of water in the product stream. These are similar design modifications
presented and justified in the design of PR-1, PR-2, and PR-3.
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First, each plasma unit contains five plates. The first plate is a corrugated stainless steel
high voltage electrode. The corrugated
nature of the electrode is used to make
more intense filamentary discharges at
each jagged edge of the plate. This helps
to increase the conversion of CH4 and
CO2. This plate is corrugated such that the
gas flows perpendicularly to the
corrugation. The stainless steel plate is 1

Figure D.6.1 The setup for the corrugated high voltage
electrode between two pieces of glass. The direction of gas
flow is perpendicular to the jagged edges of the electrode.

millimeter thick but fits within a 2 mm slot in the design of the reactor. This corrugated high
voltage stainless steel electrode can be seen in Figure D.6.1.
The stainless steel electrode is run with an electrical nanopulser. This nanopulser is a
technology specifically designed to provide short bursts of electricity to an electrode. It can
support the requirement of a 1 kHz discharge frequency. This nanopulser and the heating
requirements of the reactor unit are discussed in later sections.
This corrugated electrode is surrounded on each side by two glass panels. Each glass
panel is 1 mm thick. On the opposite side of the glass panels is the channel where gas flows. This
gap is 3 millimeters on each side of the corrugated stainless steel high voltage electrode. On the
far side of this gap on both sides are the next two plates. These plates are also stainless steel and
act as ground electrodes for the electrical discharges. The diagram for this set-up is presented in
Figure D.6.2 below.
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Figure D.6.2 One unit of the PR-4 reactor. It contains a high voltage electrode, two discharge gaps, two pieces of
glass and a ground electrode.

Thus, each unit in the plasma reactor has two gaps for electrical discharge and creation of
plasma. It is only 11 mm tall as the top stainless steel plate is considered a part of the next unit of
the reactor. The full dimensions of a unit are 11 mm tall, 50 mm wide, and 1 m in length. Each 3
mm discharge gap contains gas flowing at 4.5 L/min for a total flow rate per unit of 9 L/min. The
flow rate and discharge length were scaled such that PR-4 would maintain a residence time
identical to that of Wang et. al. for which the design took as the basis of selectivities for the
reactor (modified slightly to maintain a mass balance). This residence time is 2 seconds.
The power output per unit is 200 watts. Thus, each plasma discharge area will experience
100 watts of power as it travels the length of the reactor. This is increased from Wang et. al. to
increase the conversion of CO2 and CH4 into products. The wattage that the stainless steel plate
needs to be able to endure without corroding is 0.36 W/cm2, which stainless steel should be able
to handle. The discharge frequency for each unit of the reactor is 1 kHz, decreased from what
was done in Wang et. al. at 9 kHz. While a larger number of shorter pulses is more efficient (e.g.
more of the power goes towards exciting electrons as opposed to heating gas), a lower discharge
frequency of longer pulses can improve the longevity of the electrode and may in fact increase
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the conversion [l]. It is assumed either way that the change in conversion is modest whereas the
change in efficiency and longevity of the electrode is more important.
Reactor units are stacked both vertically and horizontally into reactor blocks. These
reactor blocks are 1 meter wide, by 1 meter long, by approximately 3 meters tall. The base of
each block is square which means every sheet of metal and glass for the reactor is a 1 meter by 1
meter sheet. The reactor then accommodates 20 reactor units along every level and can
accommodate 272 levels going up the reactor block (totaling a 11 mm * 272 units + 1 mm =
2993 mm high reactor block with the last millimeter being the final stainless steel ground
electrode plate). Therefore, each reactor block accommodates 5440 reactor units. A schematic of
one reactor block is provided below in Figure D.6.3. A single unit of the reactor is provided for
an approximate scale at the bottom right of the Figure D.6.3.

Figure D.6.3 One reactor block which is composed of 5440 reactor units. The length and width of the block is one
meter and the heigh is 3 meters.
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Each reactor block can process up to 48960 L/min of feed gas. The total amount of feed
gas that the project statement requires for this process is 283286 L/min (5000 SCFM of CO2
combined with 5000 SCFM of CH4). Therefore, 6 reactor blocks are going to be running at any
given time. A seventh one will be available in parallel at any given time in case maintenance is
required on any reactor block. These 6 blocks running will use more CH4 and CO2 than required
by the project statement and that is reflected in the mass balance.
The reactor is plumbed such that gas flows from one side of the reactor box to the other.
The flow distribution needs to be uniform such that an equivalent amount of gas is flowing
through each reactor unit. It is assumed that the gas entering the reactor is at 11.4 psig (1.8 bar).
There is no pressure drop associated with the reactor unit, as discussed in the ‘Fluid Mechanics
and Pressure Drop’ section below.
The plumbing leading directly to the incoming face of the reactor is extremely important.
It will be necessary to direct the flow on the face of the reactor such that each section (each
parallel slit) receives an equal amount of the incoming gas. The temperature rise and the
conversion of reactants is very dependent on the amount of power the gas receives per pound
fed. If the flow is not uniform to each slit, there could be hot sections in the reactor and
conversion to products may be significantly decreased in certain areas. The problem of evenly
distributing the gas is nontrivial. The pressure will be nearly ambient, and the pressure drop
across the reactor (as discussed in the fluid mechanics and pressure drop section below) is almost
negligible. Thus, it will be a challenging computational fluid mechanics problem to design
piping such that the flow to the face of the reactor is uniform. This is outside the scope of this
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report. The only consideration is that this flow balancing design may induce a pressure drop.
This is discussed in the ‘Fluid Mechanics and Pressure Drop’ section of this discussion of PR-4.
The other plumbing consideration is the inlet steam feed to humidify the incoming gas
stream. As discussed in the section of feedstocks for this process, the CO2 will be coming in
humid, but the methane will not. Thus, just before the reactor complex there is a stationary
mixing zone where exactly 148.02 moles per minute of steam is fed in to humidify the mixed
methane and carbon dioxide streams. Further details can be found in the section on MM-1 in the
main body of this report.
The final note about the structure of the reactor is that each block will have to be
contained in a slightly pressurized stainless steel tank. This tank will be slightly pressurized with
carbon dioxide as that is a readily available gas and completely inert. The pressurized tanks will
be at 7.5 psig (1.5 bar). The purpose of these tanks is so that no flammable substances (e.g. no
oxygen) can leak into the process and potentially cause a fire in the reactor. The footprint of
these pressurized vessels will be a diameter of 4.92 feet (50% larger than the base of the reactor)
and a height of 10.5 feet (over a half foot clearance above the 3 meter height of the reactor).
The reactor will have piping through this pressurized tank directly to the reactor, which
will be set in a concrete frame. The concrete frame will have slits that can slide in stainless steel
and glass plates, as well as accommodate the electrical wiring necessary for the operation of the
reactor. Concrete is used as it is an excellent insulator, it is cheap, and it is sturdy. This concrete
frame can be padded with an extra insulating material, as discussed in the ‘Electrical System’
section below. Piping will go directly to this concrete set-up, and it will all be contained in the
stainless steel pressurized tank.
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Finally, spacers will likely be required to provide structural support to the entire set-up. It
is unlikely that 1 mm thick stainless steel plates for the electrodes will have the structural
integrity to be placed on its own within the reactor. The exact design of these spacers is left for
more detailed design work on the reactor, but they are factored into the reactor costing section of
this report.

D.6.2: Mass Balance and Selectivities
PR-4 takes CH4 and CO2 combined with water vapor to form oxygenate products and
several gaseous products. The conversion achieved for CH4 is 42.3% and for CO2 is 39.4%. The
selectivities of each species are defined as the number of moles of a species produced divided by
the total number of moles of CO2 plus CH4 reacted. The selectivities were based on those
provided by Wang et. al. but were adjusted slightly such that a mass balance would be satisfied.
One assumption in this mass balance is that water reacts to form oxygenate products. There was
no literature available to estimate accurately the amount of water reacted, but a large amount was
assumed to react. The water was assumed to react with 90% conversion and then the mass was
balanced by tuning selectivities. These selectivities are provided in Table D.6.1 below and are
based upon moles, not mass, of each compound.
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Table D.6.1 The conversions and selectivities of the PR-4 reactor. The products shown in red are those ideally in the
gas phase after a separation and the products in blue are those ideally in a liquid phase after a separation.

Conversions

%

CH4

42.3

CO2

39.4

H2O

90.0

Selectivities

%

Hydrogen

17.57

Carbon Monoxide

23.15

Ethane

1.73

Propane

0.58

Oxygen

10.11

Acetic Acid

29.60

Ethanol

8.06

Methanol

8.06

Acetone

1.15

An important note about these selectivities is that a product that was not specified in
Wang et. al. was introduced. This product was oxygen, which is commonly a product of CO2
dissociation. The dissociation by energized electrons knock off lone oxygens from CO2 which
can come together to form O2 molecules. The addition of oxygen was necessary to get the mass
balance to completely close. Mechanisms demonstrating that oxygen is produced in plasma
reactors with carbon dioxide can be found in the Appendix C on plasma reactor research.
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A mass balance detailing each species is presented next for each level of the reactor. On
the unit level, the mass balance can be seen in Tables D.6.2 and D.6.3.
Table D.6.2 The mass flow rate into one unit of the reactor and the mass fraction of each component.

Species IN

Mass (grams/min)

Mass Fraction

Methane

2.902

26.17%

Carbon Dioxide

7.961

71.80%

Water

0.225

2.03%

Table D.6.3 The mass flow rate out of one unit of the reactor and the mass fraction of each component. The
components in red are those that are ideally in the gas phase after a separation and those in blue are ideally in the
liquid phase after a separation.

Species OUT

Mass (grams/min)

Mass Fraction

Methane

1.675

15.10%

Carbon Dioxide

4.825

43.51%

Oxygen

0.415

3.74%

Carbon Monoxide

0.832

7.50%

Hydrogen

0.045

0.41%

Ethane

0.067

0.60%

Propane

0.033

0.29%

Acetic Acid

2.281

20.57%

Ethanol

0.477

4.30%

Methanol

0.331

2.99%

Acetone

0.086

0.77%

Water

0.023

0.20%

273

CO2 and CH4 to Liquids Via
Low-Thermal Plasma

Hess, Burghardt, McCloskey

As can be seen from this mass balance, the primary component by weight for the inlet
stream is CO2. By moles, the amount of CO2 and CH4 in the inlet stream are equal. The amount
of water in the inlet stream is approximately 25 g of H2O vapor/m3 of gas. This is below the
maximum saturation of water vapor in air by approximately 16.6%.
The outlet stream demonstrates a large concentration by mass of the primary desired
product, acetic acid. It is almost 20.6% by mass exiting the reactor. The table above detailing the
species leaving the reactor shows what the group would like to capture as a liquid in blue and
what should be captured as a gas in red. The large mass fractions of methane and carbon dioxide
in the products stream indicates that either sizable recycle stream will be necessary or the
effluent gas will need to be sold/repurposed somehow to gain economic value from it.
The next mass balance presented is on one reactor block. Each reactor block processes
48960 L/min of gas (excluding the water vapor). The mass balance for a singular reactor block is
presented below in Tables D.6.4 and D.6.5.
Table D.6.4 The mass flow rate into one reactor block and the mass fraction of each component.

Species IN

Mass (kg/min)

Mass Fraction

Methane

15.788

26.17%

Carbon Dioxide

43.310

71.80%

1.224

2.03%

Water
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Table D.6.5 The mass flow rate out of one reactor block and the mass fraction of each component. The components
in red are those that are ideally in the gas phase after a separation and those in blue are ideally in the liquid phase
after a separation.

Species OUT

Mass (kg/min)

Mass Fraction

Methane

9.109

15.10%

Carbon Dioxide

26.246

43.51%

Oxygen

2.258

3.74%

Carbon Monoxide

4.527

7.50%

Hydrogen

0.247

0.41%

Ethane

0.363

0.60%

Propane

0.177

0.29%

Acetic Acid

12.409

20.57%

Ethanol

2.593

4.30%

Methanol

1.803

2.99%

Acetone

0.467

0.77%

Water

0.122

0.20%

As anticipated, the mass fractions are the same as the mass balance for the unit level. The
total amount of gas that the plumbing to each one of the reactors will need to handle, as
demonstrated by this mass balance, is 60.321 kg/min, or as stated before 48960 L/min of gas.
The final mass balance is on the entire reactor complex. It includes 6 reactor blocks each
processing 48960 L/min of CO2 and CH4, for a total of 293760 L/min of gas. This corresponds to
5187.023 SCFM of CH4 and 5187.023 SCFM of CO2, slightly more than is required by the
project statement. The mass balance on the entire reactor complex is presented below in Tables
D.6.6 and D.6.7.
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Table D.6.6 The mass flow rate into the entire reactor complex and the mass fraction of each component.

Species IN

Mass (kg/min)

Mass Fraction

Methane

94.726

26.17%

Carbon Dioxide

259.858

71.80%

Water

7.344

2.03%

Table D.6.7 The mass flow rate out of the entire reactor complex and the mass fraction of each component. The
components in red are those that are ideally in the gas phase after a separation and those in blue are ideally in the
liquid phase after a separation.

Species OUT

Mass (kg/min)

Mass Fraction

Methane

54.657

15.10%

Carbon Dioxide

157.474

43.51%

Oxygen

13.550

3.74%

Carbon Monoxide

27.160

7.50%

Hydrogen

1.484

0.41%

Ethane

2.176

0.60%

Propane

1.064

0.29%

Acetic Acid

74.452

20.57%

Ethanol

15.557

4.30%

Methanol

10.820

2.99%

Acetone

2.802

0.77%

Water

0.734

0.20%

Note that all flow rates are based on the gas being at standard conditions going through
the reactor. If compression needs to occur to induce flow through the reactor unit, the flow rates
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may be slightly off. Additionally, the velocity of the gas must be maintained at 0.5 m/s such that
the overall residence time of the gas is two seconds.

D.6.3: Heat Balance
The heat balance for this reactor relies on the heat of formation change between reactants
and products and an assumed 100% transfer of the energy from the high voltage electrodes
towards heating the gas. The goal of the heat balance is to have a large enough energy input to
vaporize all the oxygenate products and maintain them in the gas phase throughout the reactor.
Otherwise, oxygenate products may condense within the reactor and create a mixed phase
situation between the parallel plates. This is to be avoided for the ease of operation of the reactor.
Towards this end, an increase in temperature from the 30 degree C inlet temperature to
somewhere above the 118 C boiling point of acetic acid (the highest boiling point of the
oxygenate products) is required. This transfer of electrical energy to the plasma in the form of
heat is a shift from initial reactor designs of a non-thermal plasma to a low temperature plasma.
It is assumed that this heating can be achieved by decreasing the discharge frequency (from the
10 kHz proposed in PR-3) to 1 kHz and the increasing the nanopulse length from 100
nanoseconds to 250 nanoseconds. Additionally, the increase in power output per electrode from
10 watts to 200 watts will also increase the energy transfer to the plasma phase.
Furthermore, it is necessary to use heats of formation for the calculation of the enthalpy
change in the reactor as no heats of reaction for the various chemical reactions occurring in the
reactor exist. The absence of heats of reaction is due to a lack of research into the specific
mechanisms behind these plasma reactions. Specifically, while there are numerous mechanisms
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for certain plasma reactions proposed (see the appendix section on Plasma Reactor Research),
there haven’t been studies that confirm mechanisms taking one form or the other. Even if exact
mechanisms were known, for each product there are likely multiple pathways available for
formation due to a large number of small ionic or excited species taking part in these reactions.
Therefore, the heats of formation method was the best possible way of approximating how the
reactants and products absorbed and released heats upon reacting.
The heats of formation method has an additional qualification for its use in the heat
balance, namely that the mechanisms for plasma reactions that are posited often involve a large
number of ionic species, radicals, and excited species. These species are broken down from
larger molecules, for example CO2 being broken apart into CO and O, and these smaller species
are closer to their elemental forms. Therefore, it is a reasonable assumption to make that the
heats of these various reactions can be calculated using heats of formation despite the lack of an
overall reaction with exact stoichiometry. It would be ideal to have stoichiometric reactions
available on which to base heats of reaction, but this approach is all that is available for this
particular reactor.
The heats of formation for the reactants and products were calculated in ASPEN Plus
V12. The overall heat of reaction is 924.22 kilojoules per kilogram of feed. This is heat absorbed
by the species in the reactor. This value demonstrates that overall, the heat of reaction is
endothermic. This can be explained by noting that steam methane reforming and dry methane
reforming processes are also very endothermic. A large portion of the reaction occurring is akin
to those two processes, so it would make logical sense that the heat of reaction overall would be
endothermic. These two methane reforming reactions are listed below for reference:
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CH4 + H2O → 3H2 + CO DeltaH = 206 KJ/mol
CH4 + CO2 → 2H2 + 2CO DelaH = 247 KJ/mol
Additionally, methane and carbon dioxide are very stable molecules. To overcome that, a
large amount of energy is needed to break their bonds and have them react. Therefore, even
though some of the oxygenates have higher heats of formation, on the whole the heats of
formation of carbon dioxide and methane are high enough that the overall reaction is
endothermic.
It is important at this point to note one nuance in this plasma reactor. The mechanism for
breaking the carbon dioxide and methane bonds to form radicals, ions, and excited species are
high energy electrons. It is not heat, the average motion of the gas molecules, that is enabling this
reaction. Therefore, the heat of reaction is treated somewhat separately from the mechanism
enabling this reaction (the excited electrons which add nothing to the thermal temperature of the
plasma). This is where the analysis of the heat of this reactor is truly approximate and based on
assumptions. Ideally, the group would be able to treat these two ideas in unison, namely how
much heat do the high energy electrons provide by breaking these carbon dioxide and methane
bonds and how much heat is released upon the formation of stable oxygenate and gaseous
species? These details are certainly intertwined, but due to the lack of available information on a
plasma process of this nature, the group has decided to completely remove the role of electrons
from the heat balance and deal only with heats of reaction based upon heats of formation (which
is an assumption) and the power output from the high voltage electrodes which heats the gas in
the reactor.
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As mentioned previously, there is an assumed 100% transfer of energy from the high
voltage electrodes to the gas in the form of heat. This is a purposeful design choice to vaporize
all oxygenate species as soon as they are created in the reactor. It also strays from the design of a
non-thermal plasma reactor. The principal idea for
efficiency in non-thermal plasma reactors is that the
bulk of the energy goes towards exciting electrons,
especially if the pulse frequency is kept exceptionally
short. This was discussed in a conversation with Dr.
Wandell from FSU. Additional work from FSU also
supports this idea, for example Figure D.6.4 from a
presentation on nonthermal plasmas displays a quite
modest temperature rise from the use of an electrical

Figure D.6.4 Gas temperature versus discharge
power in a DBD reactor. The reactor used an
Eagle Harbor Technologies nanopulser with a
10 kHz frequency, 20 nanosecond rise time, and
a 50 nanosecond discharge time.

nanopulser.44
As demonstrated by this graphic, the temperature rise using a nanopulser is exceptionally
small as the discharge power is increased. If the electrical pulses were to heat the gas, it would be
expected that with an increase in discharge power the gas temperature would go up significantly.
However, this study was performed at exceptionally small discharge powers. Increasing the
discharge powers will increase inefficiencies in the electrodes. Furthermore, it was done with a
nanopulser at 10 kHz with a 20 second rise time and a discharge duration of under 50
nanoseconds. Therefore, while the group will also be using a nanopulser from Eagle Harbor
Technologies for the PR-4, it will be at a significantly different setting at 1 kHz and 250

280

CO2 and CH4 to Liquids Via
Low-Thermal Plasma

Hess, Burghardt, McCloskey

nanosecond pulse durations with a much higher power input. With this design it is hoped that
heating of the gas will occur with all (or almost all) the power input into the reactor.
The total wattage in one reactor block is 1088 kilowatts which is the total heat absorbed
by the gas as it traverses the reactor. For one unit of the reactor that will be 200 watts, as the high
voltage electrode’s power output is 200 watts. For the overall reactor complex of 6 reactor blocks
running at one time, that number is 6528 kW.
From this information on the heat of reaction per kilogram of feed and the electrical
inefficiency in the electrodes an adiabatic temperature rise can be determined for the reactor. The
overall heat absorbed by one reactor block is
924.22 kJ/kg * 60.321 kg/min * 1 min/60 seconds * 2 seconds/residence time = 1858.33 kJ
So overall, for one residence time, the energy absorbed by the gas is 317670 joules (once
the amount of energy from the power input to the reactor is factored in). A good approximation
of the isobaric heat capacity for the mixture is to average the heat capacity for the reactants
flowing in against the product gaseous stream flowing out. All of these values are taken at 300 K
and are for gaseous species. The averages on products and reactants separately are averaged on a
basis of mass fraction (as these heat capacities are placed into terms of joules per kilogram).
With this information, it is possible to predict the adiabatic temperature rise. The values used for
each heat capacity is listed in Table D.6.8.
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Table D.6.8 The isobaric heat capacities for all the species present in the PR-4 reactor.

Component

Isobaric Heat Capcity

Carbon Dioxide

849 J/kg*K

Methane

2232 J/kg*K

Carbon Monoxide (CO)

1040 J/kg*K

Hydrogen (H2)

14310 J/kg*K

Ethane

1766 J/kg*K

Propane

1707 J/kg*K

Oxygen

918 J/kg*K

Acetic Acid

1061 J/kg*K

Ethanol

1421 J/kg*K

Methanol

1378 J/kg*K

Acetone

1297 J/kg*K

Water

1996 J/kg*K

The averages turn out to be almost identical for the product stream and the reactant
stream. The average isobaric heat capacity for the product stream is 1227.79 J/kg*K and for the
reactant stream is 1234.24 J/kg*K. The average isobaric heat capacity between these two streams
is then 1231.01 J/kg*K. From this, the adiabatic temperature rise for the gas traveling through
the plasma reactor is
317670 J / (1231.01 J/kg*K * 2.01 kg) = 128.4 K
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Where the 2.01 kg is the mass flow through the reactor block in the two second residence
time. Therefore, it is expected that the temperature rise through the reactor will be 128.4 K. This
temperature rise is more than enough to vaporize all the species produced in the reactor, as the
highest boiling point is acetic acid at 118 C. The final temperature, with a 36.22 C inlet gas
temperature, would therefore be 164.64 C. This is the outlet temperature from the reactor
complex.
Overall, the main point of the heat balance is that there is an adiabatic temperature rise on
purpose to vaporize all species and avoid a mixed phase reactor. That temperature rise comes
from the heating due to the electrodes’ power output being greater than the endothermic
requirements for the reactions to take place based on the heats of formation of the products
versus the reactants. Additionally, the design choices represent a shift in the group’s reactor
design away from a non-thermal plasma reactor and towards a low temperature plasma reactor.
The goal is to provide process heat through the electrode while still acknowledging that the bulk
of the mechanisms for the reactions taking place are from high energy electrons. It is assumed
the reactor can produce both effects.

D.6.4: Electrical System
The reactor requires a very complex and well thought-out design to ensure that it can
consistently supply the electrical needs of the process. Towards that end, the project suggests
working with Eagle Harbor Technologies (EHT) to supply electrical nanopulsers that power each
of the high voltage electrodes in the process.
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One of the main problems with designing a plasma reactor as a part of a design team
composed entirely of chemical engineers is that the electrical engineering problem associated
with the reactor is substantial. The group had the opportunity to discuss with an EHT
representative on what their reactor would require in terms of cost for nanopulser units to drive
the reactor, but as a part of that conversation numerous topics on plasma reactors were discussed.
The conversation revealed that one additional major assumption of this project is that this reactor
works electrically. What EHT has seen is that university groups often tackle plasma problems
with an eye towards the biology or the chemistry of the system, with an inherent weak point
being the underlying electrical physics of such problems. Furthermore, as discussed with EHT,
the design of each industrial style plasma reactor is unique and each is presented with their own
challenges and have their own unique waveforms. As a hopeful note, however, EHT did recently
succeed in a project of powering large, meter by meter electrode plates for a DBD reactor.
Regardless of these facts, details about the design and economic analysis can still be
discussed. Specifically, EHT said they can provide details on electrode design and electrode
lifetime, they can optimize the electrical system to get around an 80% efficiency on the electrical
pulsers, and they can help optimize the waveform, risetime, voltages, and power output for any
specific industrial application.
On a fundamental level, the nanopulser used for the PR-4 is a capacitor with an
associated rise time and discharge time. In the case of this reactor, the discharge time is 250
nanoseconds. These are somewhat longer pulses than are traditionally used in non-thermal
plasma reactor. These longer pulses are exactly what is required to enable the heating of the bulk
gas. The rise time for this discharge is flexible. As discussed with EHT, a longer rise time is
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more efficient, as you can take a longer time to charge up the capacitor for the next discharge. In
that way, it is also cheaper and it is less likely to fry any cables in the arrangement. As such, a
discharge frequency of 1 kHz is what is being targeted for this application. It is safer and can
more or less guarantee that an 80% efficiency on the capacitors can be hit by EHT. It was also
the suggested discharge frequency by EHT for this application.
The use of a capacitor makes the voltage profile for this reactor square. It will have a
discharge period, followed by a longer recharging period on a cycle. The optimized waveform
for this application is not discussed and is outside the scope of this analysis. It is only important
to note that it is very important for efficiency’s sake and for the design of this reactor that the
waveform be optimized. That task is left for electrical engineers.
The cost scaling of the electrical system for the reactor is linear in terms of total power of
the system, linear in rise time (a shorter rise time is more expensive and less efficient), linear in
the square of the peak voltage, and linear in the capacitance. Therefore, if the discharge gap
could be reduced, thereby reducing the peak voltage necessary to get the filamentary discharges
required for the plasma, the cost would be reduced. Additionally, lowering the frequency of
discharges (thereby increasing the rise time) would lower the cost of the units. Finally, the power
and capacitance are connected, as a larger demand in the output power requires a larger capacitor
to deliver that power. Therefore, the less power required the less the cost of the system will be.
Ultimately, it would take electrical engineers to fully optimize the system at hand for
cost. As it stands, the project will remain on the basis suggested by the paper and adjusted by the
conversation with EHT. The specifics are that 7 EHT NSP-5000 units are going to be required
for this project. This is because each NSP-5000 unit can provide 1 MW of electricity, and the
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overall process with 6 reactors running simultaneously will require a total power of 6.528 MW
(5440 units running at 200 watts each in 6 reactors simultaneously). The overall electrical
demand, assuming an 80% efficiency on the power sent to the NSP-5000 units, is then 8.16
MW.
The NSP-5000 nanopulsers will use a floating output (a design choice to bump up the
peak voltage) to reach a 30 kV peak voltage. The discharge profile will be square. The ESP-5000
units come with a built-in DC power supply within the electrical system itself. The discharge
frequency will be 1 kHz, with each discharge lasting 250 nanoseconds and a rise time of 20
nanoseconds, although longer rise times are acceptable. All these details would be further
optimized in the implementation of the reactor design and are subject to change. The exact
waveform cannot be specified beyond saying that the voltage profile would be square. All these
parameters impact not only the capital cost of the reactor but also the operating cost, as a large
amount of electricity will be used to power the reactor.
The assumed electrical efficiency of the nanopulser system is 80%. These NSP-5000
nanopulser units can be optimized to recover some of the energy after discharge to be made even
more efficient. For the purposes of this report, an 80% electrical efficiency will be assumed.
Additionally, as discussed in the previous section, it is assumed that 100% of the power to the
electrode goes towards heating the gas phase. This choice is a separate design parameter from the
efficiency of the capacitors used in the NSP-5000 units. Regardless, on any piece of electrical
equipment there is going to be some electrical inefficiency with the high voltage electrodes,
capacitors, and cables.
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In addition to this, there needs to be a way of supplying the electricity safely to the high
voltage electrodes (without touching the ground electrodes) and there needs to be a way of
grounding the ground electrodes. This system would likely need to be constructed in consultation
with EHT or whatever electrical engineering company was doing the wiring for the plasma
reactor systems. This consultation would suggest a specific design best suited for the reactor at
hand. For example, one possible proposed design is to set-up the reactor such that the high
voltage electrodes extend beyond the concrete frame to a point further than the spark gap and
have an insulator between itself and the concrete, so there is no way to transmit electricity
through the concrete to the ground. The details of the insulation and electrical set-up will be
determined by electrical engineers or the electrical engineering company that designs the
electrical system for this reactor. A stainless steel charged bar can be placed across all of these
high voltage electrodes extended in this way at one side of the reactor (one of the faces that
doesn’t have plumbing).
On the other side of the reactor, a similar arrangement with insulation and extension of
the ground electrodes can be created to safely ground the electricity. Again, a stainless steel bar
can act as the final conduit of electricity away from the reactor on this side. It can be safely
grounded after passing through the pressurized encasing of the reactor by an insulated channel
with a gasket to make sure there are no leaks from the pressurized container.
Overall, this is a rough guess at what the electrical system would look like. A significant
amount of electrical engineering work would be required to fully realize the design of the
reactor.
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Finally, as mentioned above, the wiring through to this reactor must go through an outer
pressurized container. It will be necessary to fit gaskets for each point at which wiring needs to
go into and out of this container in order to prevent leaks.

D.6.5: Fluid Mechanics and Pressure Drop
An analysis of the gas flowing through the reactor is needed to determine the pressure
drop associated with the flow. A simplified form of this calculation can be undertaken assuming
that the properties of the gas do not change as it is flowing down the length of the reactor. This is
a major simplifying assumption, as the mass balances indicate that the composition of the gas
stream changes a substantial amount along its journey through the reactor. However, to a first
approximation it can determine the Reynold’s number of the flow which can be used to calculate
the friction factor and other considerations.
The average viscosity and density of carbon dioxide and methane were taken to be the
properties of the gas flowing through the reactor. These values are presented in Table D.6.9.
Table D.6.9 The viscosity of carbon dioxide and methane. The averaged quantities are shown in the last column.

CO2

CH4

Averaged

Viscosity (Pa*s [kg/s*m])

1.52*10^(-5)

1.13*10^(-5)

1.325*10^(-6)

Density

1.86 g CO2/L

0.657 g CH4/L

1.2585 kg/m3

The hydraulic diameter of the channel that the gas is flowing through can be calculated
as:
De = 4 * (2 * 0.003m * 1,) / (2 * 0.003m + 2 * 1m) = 0.01196 meters
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This effective hydraulic diameter was taken from a formula in Wankat’s 1994 first
edition of Rate Controlled Separations for gasses through parallel plates.45 The formula is
reproduced below:

Overall, with a flow rate of gas at 0.5 m/s, the Reynolds number comes out to be
Re = (1.2585 kg/m3 * 0.5 m/s * 0.01196 m) / (1.325*10^-6) = 5679.87
This is a turbulent flow. It is not a very high Reynold’s number, but there will be some
mixing in the plasma areas of the reactor, which is ideal for mass transfer and creation of
products because the mechanisms involved in this reaction require a large number of species.
From this Reynold’s number, the Fanning
friction factor can be calculated. Two different
sources were used to calculate the Fanning
friction factor. The first was a Moody chart
provided by the Wilkes fluid mechanics textbook.
That chart is provided in Figure D.6.5.46
The chart demonstrates that around a
Figure D.6.5 The fanning friction factor for flow in
pipes versus Reynold's number. Taken from Figure
3.10 of Wilkes' Fluid Mechanics textbook.

Reynold’s number of 5*10^(4), the friction factor
will be around 0.009 for a pipe of a relatively

small roughness factor. The other source used in this discussion was from the seventh edition of
Perry’s Chemical Engineering handbook.47 The handbook points to Wankat’s Rate Controlled
Separations for a friction factor correlation for gas flowing between parallel plates, intended for
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both heat and mass transfer.48 Page 737 of the 1994 Reprinted first edition indicates that the
Fanning friction factor can be calculated by the following:

The result of this formula is a Fanning friction factor of 0.00911. The fact that this agrees
with the Moody chart from Wilkes justifies its use as the number for the friction factor that can
be used to calculate the pressure drop through the reactor.
The equations for the pressure drop can be found in the Wilkes fluid mechanics
textbook.49 These equations are reproduced below:

Plugging in the numbers found above yields the following calculation:

-DelP = 2 * f * 1.2585 kg/m3 * 0.5 m/s * 0.5 m/s * (1 m / 0.01196 m)
= 2 * 0.00911 * 1.2585 kg/m3 * 0.5 m/s * 0.5 m/s * (1 m / 0.01196 m)
= 0.48 N/m = 0.48 Pascals

This pressure drop is essentially negligible. Flowing a fluid of such a low density through
a short section, even though it is a relatively thin section, of glass determines this low pressure
290

CO2 and CH4 to Liquids Via
Low-Thermal Plasma

Hess, Burghardt, McCloskey

drop. Therefore, it is possible to discount the pressure drop through the reactor for this unit.
Whatever pressure the compressor pushes the gas through at the beginning of the reactor block is
how pressurized the gas will come out at the other side.
However, as mentioned in the section discussing the ‘Structure and Plumbing’ of PR-4,
there is an assumed pressure drop in the flow distribution across the face of the reactor. This is
not calculated exactly, as the mechanism that will distribute the flow evenly is not included in
this report. A conservative estimate on the pressure drop through this device would put it on the
order of 1.45 psig (100 mbar), which is the same order of magnitude as the motionless mixer
MM-1 used in this process. This far exceeds the pressure drop through the reactor of 0.48
pascals, so the overall pressure drop associated with the reactor is merely reported as 1.45 psig.

D.6.6: Assumptions
Many important assumptions were made in the design of the PR-4 reactor. It is important
to enumerate these so that proper testing can verify whether these assumptions are good or not.
First, there were multiple assumptions about how design choices in the PR-4 reactor increase
conversion of carbon dioxide and methane. These are similar, but not exactly the same as the
design considerations that were proposed in the ‘Scale-Up to a Parallel Plate Design’ section.
The basis for the initial conversion and selectivities were taken directly from the motivating
paper by Wang et. al. They are placed below for reference:

•

Original Results (Wang et. al. no catalyst):
o

Conversion:
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▪

CO2: 15.4%

▪

CH4: 18.3%

Selectivities: (these selectivities should sum to ~100% but from paper they don’t)
▪

▪

Liquids: 59.1%
▪

Acetic Acid: 33.7%

▪

Methanol: 11.9%

▪

Ethanol: 11.9%

▪

Acetone: 1.9%

Gaseous: 39.9%
▪

CO: 20%

▪

H2: 32%

▪

C2H6: 11%

▪

Rest is ~2%

From these initial conversions and selectivities, the group decided that the most important
parameter to keep the same in the design of PR-4 was the residence time. This was considered
essential for the reaction. A shorter residence time could significantly decrease conversion
whereas a longer residence time could significantly increase the temperature of the gas. Both
options would have very unpredictable results on the selectivities. Because of this, the degrees of
freedom for how the group could manipulate the flow through the reactor were limited.
The first change in the flow was to increase the discharge length from 45 mm to 1 meter
in length. Additionally, the flow rate was increased from 40 mL/min of gas up to 4.5 L/min of
gas per discharge gap. In addition to this, the discharge gap was maintained at 3 millimeters, a
very standard length for discharge in a DBD reactor. Overall, these effects were not considered
to change the conversion in any way as the residence time remained the same. That is to say, as
long as the power output was increased proportionally to the increase in flow rate for the gas,
because the residence time was equivalent, there would be no change in the conversion
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percentage of the reactants. This is another assumption being made by the group, but it is backed
by reasonable intuition although there are not any studies available in the literature to determine
whether the results of the reactor would be exactly the same.
An additional change made to the reactor design was to increase the power output of the
high voltage electrodes from 10 watts to 200 watts, a 20x increase in power. The impact of this
change could be as high as a 35% increase in conversion.49 The group decided ultimately that the
increase in conversion for this change would be a 20% increase in conversion for both carbon
dioxide and methane after taking into consideration the increase in the volumetric flow rate of
methane and carbon dioxide discussed in the previous paragraph. This is likely a very favorable
assumption, given that the increase in flow rate of gas by volume outmatches the increase in
power input into the reactor, however it is useful to assess the feasibility of this very good
scenario in an economic analysis rather than making conservative assumptions. Note that this
assumption of 20% is higher than the assumption discussed in the ‘Scale-Up to a Parallel Plate
Design’ section of this appendix. This is a deliberate choice made after discussion of maintaining
the residence time of this reactor.
Another change was to use a corrugated electrode as opposed to a flat stainless steel
plate. This change was demonstrated in studies to increase conversion by creating more intense
filamentary discharges.50 It was assumed this would increase conversion by 3%.
The final changes were electrical. It was assumed, after talking to Eagle Harbor
Technologies (EHT), that decreasing the discharge frequency from 9 kHz to 1 kHz was the best
option for this reactor. From the literature, it is suggested that decreasing discharge frequency
may increase the conversion modestly, by up to 1%.51 However, this is a very favorable
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assumption, and conversion also has to do with the pulse length, among other considerations. For
the sake of this reactor, the 1% increase in conversion due to this electrical change is assumed.
As mentioned in the preceding section ‘Electrical System (Eagle Harbor Technologies
Nanopulser)’, the peak voltage was maintained at 30 kV with a DC current.
Taken altogether, the increase in conversion from making these design choices is 24% for
both carbon dioxide and methane. That is how the group landed upon the values of 42.3%
conversion for methane and 39.4% conversion for carbon dioxide. For more detail on the
sourcing behind this discussion, see the section ‘Scale-Up to a Parallel Plate Design’. That
section goes into more detail about how changes made in going from a tubular design to a
parallel plate design change the conversion of products.
Another set of approximations and assumptions were made around the mass balance and
selectivities in the reactor. One major assumption was that oxygen was a product of this reaction.
It is likely that at the concentrations of gas run in the reactor from Wang et. al. there was oxygen
present but in a concentration small enough to be indetectable. However, in order to make the
atomic mass balances close, it was necessary to introduce oxygen as a product species. This is
because the number of places for oxygen to go after reaction include a significant amount of
carbon in the form of oxygenates. Therefore, it was almost impossible to balance the reaction
without the introduction of an oxygen sink. Additionally, there is precedence in the literature for
considering oxygen as a product of a DBD plasma reaction involving CO2. Specifically, a study
using a DBD plasma reactor cites that the main products from CO2 decomposition by plasma is
CO and O2.52 The reaction cited is
CO2 → CO + O
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Where free atomic oxygen can later combine to form diatomic oxygen.
After oxygen was introduced as a product, the selectivities were tweaked. As mentioned,
the original selectivities from Wang et. al. did not satisfy an atomic mass balance. Additionally,
they were defined to be in terms of either the moles of methane converted, both the moles of
carbon dioxide and methane converted, or on the moles of carbon in oxygenate species present in
the liquid phase depending on the product species. In an attempt to simplify the definition of the
selectivity and satisfy an atomic mass balance, the following selectivites were landed upon (with
Wang et. al. in the next column for easy comparison):
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Table D.6.10 The conversions and selectivities of the PR-4 reactor. The later columns display the conversions,
selectivities, and definitions for selectivities provided in Wang et. al.

Conversions

%

Old Values (Wang et. al.)

CH4

42.3

18.3

CO2

39.4

15.4

H2O

90.0

Not considered

Selectivities

%

Hydrogen

17.57

32

2 x moles CH4 consumed

Carbon Monoxide 23.15

20

Moles CH4 + CO2 consumed

Definition of Selectivity in Wang et. al.

Ethane

1.73

11

Moles CH4 + CO2 consumed

Propane

0.58

2

Moles CH4 + CO2 consumed

Oxygen

10.11

N/A

N/A

Acetic Acid

29.60

33.7

Mole % of carbon in product x liquid selectivity

Ethanol

8.06

11.9

Mole % of carbon in product x liquid selectivity

Methanol

8.06

11.9

Mole % of carbon in product x liquid selectivity

Acetone

1.15

1.9

Mole % of carbon in product x liquid selectivity

Where the definition in Wang et. al. of liquid selectivity was 100% - (selectivity of
propane + ethane + carbon monoxide) - 10% of the carbon deposition. The total liquid selectivity
they found was 59.1%. All the new selectivities are based upon moles, not mass, of methane and
carbon dioxide reacted. Several assumptions guided the slight changes in selectivity from those
presented in Wang et. al. The first was that methanol and ethanol would be produced in
equimolar amounts. This is primarily due to the similarity in the mechanism for the formation of
methanol and ethanol. Free CH3 and CH2 species combine with hydroxyl species to form
methanol and ethanol. The CH3 and CH2 species are both produced by decomposition of CH4
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and the OH species are produced from water. Therefore it was decided that these two species
should have identical selectivities.
The next assumption was that the conversion of H2O was high. This was a necessary
assumption since many OH species would be needed to produce all the oxygenate species
required. Most of the mechanisms for the production of oxygenate species require free hydroxyl
species. The last assumption for the oxygenate species was that the production of acetic acid
would remain high in the PR-4 reactor design. This assumption was not only driven by economic
considerations, as acetic acid is the main product of the process, but additionally because Wang
et. al. identified acetic acid as being the oxygenate produced in the highest quantity in their
study.
As far as the gaseous selectivities, it was assumed that H2 and CO would be produced in
the new configuration in almost equimolar proportions. This is a noticeable change from Wang
et. al. It is true that in the methane reforming reactions, hydrogen is created in a larger molar
proportion than carbon monoxide. However, from the dissociation reactions of CH4 and CO2,
which are the primary drivers of the plasma reaction, H and CO are made in roughly equivalent
amounts. This is because the primary product of CH4 dissociation is CH3 and H at around 79%
of the total products of CH4 dissociation.53 Thus, for approximately equivalent CO2 and CH4
dissociation, half the number of H2 species (number of H species over 2) will be produced
compared to CO species. Additionally, both are used in reactive mechanisms where free H and
free CO molecules are added to molecules. Therefore, it makes sense that the amount of CO
produced would be equal to or greater than the amount of H2 produced, given the primary
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conversion mechanism of CO2 and CH4 is dissociation due to contact with high energy electrons
or excited molecules.
Another assumption is that the amount of ethane and propane produced in the reactor is
very low. This is an assumption based on the fact that water is present. It is likely that OH
species will take part in the mechanism as they are abundant in the reactor and reacting at a very
high rate. Therefore, it is unlikely that many carbon groups could form a large hydrocarbon
without some form of oxygen joining. The final assumption is that the selectivity of oxygen is
relatively high. This is due to the fact that oxygen is a very stable molecule, so once two O atoms
combine to form diatomic oxygen, they can only be dissociated by high energy electrons or
excited molecules, just like the dissociation reactions required to get CH4 and CO2 to react.
Another assumption was that any slight impurities in any recycle fed to the reactor would
not change selectivities or conversion in any way. This assumption is less important due to the
fact that the recycle stream was done away with in process design. However, this would have
been more important if the decision was made to recycle the gaseous product stream after the
knockback condenser without any form of separations. That is a legitimate option for this
process, but the group decided to avoid that scenario as it is very unclear what it would do to the
plasma reactor. Intuitively, it is likely that the larger components of the recycle would break
down if they were reintroduced to plasma, however the selectivities of the reactor might change
significantly.
Another major assumption made by the group in this reactor design is that there will be
little to no carbon deposition on the inner walls of the plasma channels. In reality, there are
numerous reactions that can create carbon deposition. For example, in plasma reactors up to 550
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degrees Celsius, there was demonstrated to be carbon deposition in the following methane
cracking reaction:54
CH4 → C + 2H2
Another possible reaction present in the reactor is the Bouduard reaction, which has the
following form:55
2CO → CO2 + C
However, studies have also found that water vapor helps to decoke solid carbon
deposition in plasma reactors.56 This is mostly through excited water molecules which oxidize
solid carbon more readily than the reverse-Bouduard reaction at certain conditions. More details
on carbon deposition can be found in appendix C on Plasma Reactor Research. In several places
it provides a brief overview on literature pertaining to carbon deposition in DBD plasma
reactors. While none of the reactors are operating at the low temperatures this reactor operates at,
it is useful to acknowledge that neglecting fouling is a favorable approximation and in reality
these reactors will need to be cleaned and serviced to remove deposition.
The discussion of mechanisms as it applies to non-thermal plasma reactors and low
temperature plasma reactors is presented in the ‘Plasma Reactor Research’ Appendix C. That
appendix includes a large amount of information about possible mechanisms for the formation of
various species in plasma reactors, some of which pertain directly to this reactor and the reaction
of CO2 and CH4. For the purposes of this section, it is sufficient to say that the mechanisms are
not known exactly for how the oxygenates are produced. Several have been suggested and they
involve a plethora of smaller steps with radicals and excited molecules. It is a pivotal assumption
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in this report that mechanisms exist at the specified conditions for PR-4 to produce the group of
products discussed above.
Another assumption about the reactor mechanism is that the oxygenates stay in the vapor
phase but do not decompose in the plasma, as has been discussed in prior sections. In previous
iterations of reactor design the oxygenates could precipitate to the liquid phase, but purposefully
in PR-4 the temperature is increased throughout the reactor to make sure the oxygenates do not
condense. This is to avoid a two phase reactor where the fluid mechanics and operation would be
complex. Instead, it is assumed that the oxygenates do not decompose in the plasma phase, or if
they do decompose, it is at a rate where the above selectivities still apply to this reactor.
A final assumption made by the group is that the natural gas supply to this reactor, if
composed of a small percentage of ethane, would have no impact on the results of the reactor.
The principal reason the group can make this assumption is that ethane molecules may dissociate
in a manner similar to methane molecules when hit by an incoming electron. Dissociation of
methane, as discussed in the appendix C on plasma reactor research, has a reaction of the form
CH4 + e- → CH3 + H + eWhere either the CH3 may carry a negative charge. It is assumed that ethane would
follow a similar format
CH3CH3 + e- → 2CH3 + eWhere the CH3 molecules are similarly reactive towards producing oxygenates, reforming
ethane molecules, creating propane, etc. and also may carry a negative or positive charge. The
one species that this may impact is the amount of hydrogen gas produced. For the purposes of
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this report, it is assumed that the amount of ethane in the natural gas would be at most 10% by
mass, so the changes in selectivities from those presented in this report would be small.

D.6.7: Conclusion
The proposed reactor for this project is extremely complex. The design choices made by
this team were based on an underlying knowledge of the chemistry of the situation, but not
necessarily the physics behind the electrical systems for plasma reactors. Additionally, questions
with regards to the distribution of the inlet gas would require a sound computational fluid
analysis of the incoming flow. Overall, this reactor is a preliminary suggestion for a design such
that the economic analysis in the main body of the report may promote further research. There
are many components to consider, and a large amount of cross-disciplinary engineering work
would be required to make this design a reality.
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Appendix E: ASPEN Simulation Report
ASPEN Plus was used to model the major unit operations in the process. This appendix
contains the calculation report from the ASPEN Plus simulation used for this project.
E.1: ASPEN Plus Calculation Report for Overall Process Simulation

Figure E.1.1. Main Flowsheet for Overall Process Simulation

ASPEN Plus Calculation Report for Overall Process Simulation:
+
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ASPEN PLUS (R) IS A PROPRIETARY PRODUCT OF ASPEN TECHNOLOGY, INC.
(ASPENTECH), AND MAY BE USED ONLY UNDER AGREEMENT WITH ASPENTECH.
RESTRICTED RIGHTS LEGEND: USE, REPRODUCTION, OR DISCLOSURE BY THE
U.S. GOVERNMENT IS SUBJECT TO RESTRICTIONS SET FORTH IN
(i) FAR 52.227-14, Alt. III, (ii) FAR 52.227-19, (iii) DFARS
252.227-7013(c)(1)(ii), or (iv) THE ACCOMPANYING LICENSE AGREEMENT,
AS APPLICABLE. FOR PURPOSES OF THE FAR, THIS SOFTWARE SHALL BE DEEMED
TO BE "UNPUBLISHED" AND LICENSED WITH DISCLOSURE PROHIBITIONS.
CONTRACTOR/SUBCONTRACTOR: ASPEN TECHNOLOGY, INC. 20 CROSBY DRIVE,
BEDFORD, MA 01730.
TABLE OF CONTENTS
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1
1
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2
2
2
2
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BLOCK: B-1
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BLOCK: DIST-1
MODEL: RADFRAC................... 6
BLOCK: HX-1
MODEL: FLASH2.................... 17
BLOCK: MM-1
MODEL: MIXER..................... 18
BLOCK: P-1
MODEL: PUMP...................... 18
BLOCK: PR-4
MODEL: RYIELD.................... 19
BLOCK: V-1
MODEL: VALVE..................... 22
BLOCK: V-2
MODEL: VALVE..................... 23
STREAM SECTION.........................................
FEED-1 FEED-2 FEED-3 FLUE-1 LIQ-1.................
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(PAGE 1)

RUN CONTROL SECTION

RUN CONTROL INFORMATION
----------------------THIS COPY OF ASPEN PLUS LICENSED TO UNIVERSITY OF PENNSYLVAN
TYPE OF RUN: NEW
INPUT FILE NAME: _0616mug.inm
OUTPUT PROBLEM DATA FILE NAME: _0616mug
LOCATED IN:
PDF SIZE USED FOR INPUT TRANSLATION:
NUMBER OF FILE RECORDS (PSIZE) =
0
NUMBER OF IN-CORE RECORDS
=
256
PSIZE NEEDED FOR SIMULATION
=
256
CALLING PROGRAM NAME:
apmain
LOCATED IN: C:\Program Files\AspenTech\Aspen Plus V12.1\Engine\\xeq
(PAGE 2)

SIMULATION REQUESTED FOR ENTIRE FLOWSHEET
FLOWSHEET SECTION

FLOWSHEET CONNECTIVITY BY STREAMS
--------------------------------STREAM
FEED-2
FEED-1
S-3
S-1
LIQ-1
LIQ-2
PROD-1

SOURCE
------V-2
V-1
HX-1
P-1
DIST-1

DEST
B-1
V-1
MM-1
MM-1
P-1
DIST-1
----

STREAM
FEED-3
S-2
S-4
FLUE-1
S-5
WASTE-1

SOURCE
---B-1
MM-1
HX-1
PR-4
DIST-1

FLOWSHEET CONNECTIVITY BY BLOCKS
-------------------------------BLOCK
B-1
V-2
MM-1
V-1
HX-1
PR-4
P-1
DIST-1

INLETS
FEED-2
FEED-3
S-1 S-3 S-2
FEED-1
S-5
S-4
LIQ-1
LIQ-2

COMPUTATIONAL SEQUENCE
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OUTLETS
S-2
S-3
S-4
S-1
FLUE-1 LIQ-1
S-5
LIQ-2
WASTE-1 PROD-1

DEST
V-2
MM-1
PR-4
---HX-1
----
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---------------------SEQUENCE USED WAS:
V-1 V-2 B-1 MM-1 *PR-4 HX-1 P-1 DIST-1
OVERALL FLOWSHEET BALANCE
------------------------***

MASS AND ENERGY BALANCE
IN
OUT

***
GENERATION

DIFF.
CONVENTIONAL COMPONENTS
(KMOL/HR )
METHANE
354.273
204.416
13
CO
0.00000
58.1781
14
CO2
354.273
214.688
13
H2O
24.4596
2.44599
11
METHANOL
0.00000
20.2608
10
ETHANOL
0.00000
20.2608
10
PROPANE
0.00000
1.44773
12
ETHANE
0.00000
4.34187
12
ACETONE
0.00000
2.89440
10
ACETI-01
0.00000
74.3861
10
H2
0.00000
44.1566
15
OXYGEN
0.00000
25.4073
13
TOTAL BALANCE
MOLE(KMOL/HR )
733.006
672.884
15
MASS(KG/HR
)
21715.6
21715.6
12
ENTHALPY(CAL/SEC )
-0.114024E+08 -0.990267E+07
(PAGE 3)

RELATIVE

-149.857

-0.129163E-

58.1781

-0.940419E-

-139.585

-0.702775E-

-22.0136

-0.246388E-

20.2608

-0.164453E-

20.2608

-0.220452E-

1.44773

-0.734205E-

4.34187

-0.178582E-

2.89440

-0.107435E-

74.3861

0.121466E-

44.1566

-0.482743E-

25.4073

-0.109068E-

-60.1213

0.310194E0.867627E-0.131531

FLOWSHEET SECTION

OVERALL FLOWSHEET BALANCE (CONTINUED)
*** CO2 EQUIVALENT SUMMARY ***
FEED STREAMS CO2E
157679.
KG/HR
PRODUCT STREAMS CO2E
91433.4
KG/HR
NET STREAMS CO2E PRODUCTION -66246.0
KG/HR
UTILITIES CO2E PRODUCTION
0.00000
KG/HR
TOTAL CO2E PRODUCTION
-66246.0
KG/HR
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(PAGE 4)

PHYSICAL PROPERTIES SECTION

COMPONENTS
---------ID
TYPE
METHANE C
CO
C
CO2
C
H2O
C
METHANOL C
ETHANOL C
PROPANE C
ETHANE
C
ACETONE C
ACETI-01 C
H2
C
OXYGEN
C

ALIAS
CH4
CO
CO2
H2O
CH4O
C2H6O-2
C3H8
C2H6
C3H6O-1
C2H4O2-1
H2
O2

NAME
METHANE
CARBON-MONOXIDE
CARBON-DIOXIDE
WATER
METHANOL
ETHANOL
PROPANE
ETHANE
ACETONE
ACETIC-ACID
HYDROGEN
OXYGEN

(PAGE 5)

U-O-S BLOCK SECTION

BLOCK: B-1
MODEL: COMPR
----------------------------INLET STREAM:
FEED-2
OUTLET STREAM:
S-2
PROPERTY OPTION SET:
NRTL
***

RENON (NRTL) / IDEAL GAS

MASS AND ENERGY BALANCE
IN

TOTAL BALANCE
MOLE(KMOL/HR )
MASS(KG/HR
)
ENTHALPY(CAL/SEC )

369.851
15872.1
-0.949467E+07

***
OUT

RELATIVE DIFF.

369.851
15872.1
-0.947171E+07

0.00000
0.00000
-0.241846E-02

*** CO2 EQUIVALENT SUMMARY ***
FEED STREAMS CO2E
15591.5
KG/HR
PRODUCT STREAMS CO2E
15591.5
KG/HR
NET STREAMS CO2E PRODUCTION
0.00000
KG/HR
UTILITIES CO2E PRODUCTION
0.00000
KG/HR
TOTAL CO2E PRODUCTION
0.00000
KG/HR
***

INPUT DATA

ISENTROPIC CENTRIFUGAL COMPRESSOR
OUTLET PRESSURE BAR
ISENTROPIC EFFICIENCY
MECHANICAL EFFICIENCY
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(PAGE 6)
BLOCK:

U-O-S BLOCK SECTION
B-1

MODEL: COMPR (CONTINUED)
***

RESULTS

INDICATED HORSEPOWER REQUIREMENT
BRAKE
HORSEPOWER REQUIREMENT
NET WORK REQUIRED
POWER LOSSES
ISENTROPIC HORSEPOWER REQUIREMENT
CALCULATED OUTLET TEMP C
ISENTROPIC TEMPERATURE C
EFFICIENCY (POLYTR/ISENTR) USED
OUTLET VAPOR FRACTION
HEAD DEVELOPED,
M-KGF/KG
MECHANICAL EFFICIENCY USED
INLET HEAT CAPACITY RATIO
INLET VOLUMETRIC FLOW RATE , L/MIN
OUTLET VOLUMETRIC FLOW RATE, L/MIN
INLET COMPRESSIBILITY FACTOR
OUTLET COMPRESSIBILITY FACTOR
AV. ISENT. VOL. EXPONENT
AV. ISENT. TEMP EXPONENT
AV. ACTUAL VOL. EXPONENT
AV. ACTUAL TEMP EXPONENT
BLOCK: DIST-1
MODEL: RADFRAC
------------------------------INLETS
- LIQ-2
STAGE
8
OUTLETS - WASTE-1 STAGE
1
PROD-1
STAGE 20
PROPERTY OPTION SET:
NRTL
***
TOTAL BALANCE
MOLE(KMOL/HR )
MASS(KG/HR
)
ENTHALPY(CAL/SEC )

***

KW
KW
KW
KW
KW

96.1392
96.1392
96.1392
0.0
76.9114
54.6761
49.8001
0.80000
1.00000
1,778.84
1.00000
1.28686
103,578.
84,007.3
1.00000
1.00000
1.28194
1.28194
1.37367
1.37367

RENON (NRTL) / IDEAL GAS

MASS AND ENERGY BALANCE
IN
91.6599
4947.65
-0.243454E+07

***
OUT

RELATIVE DIFF.

91.6599
4947.65
-0.230730E+07

0.00000
0.380864E-11
-0.522647E-01

*** CO2 EQUIVALENT SUMMARY ***
FEED STREAMS CO2E
86.1970
KG/HR
PRODUCT STREAMS CO2E
86.1970
KG/HR
NET STREAMS CO2E PRODUCTION
0.00000
KG/HR
UTILITIES CO2E PRODUCTION
0.00000
KG/HR
TOTAL CO2E PRODUCTION
0.00000
KG/HR
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(PAGE 7)
BLOCK:

U-O-S BLOCK SECTION
DIST-1

MODEL: RADFRAC (CONTINUED)

**********************
**** INPUT DATA ****
**********************
****

INPUT PARAMETERS

****

NUMBER OF STAGES
ALGORITHM OPTION
ABSORBER OPTION
INITIALIZATION OPTION
HYDRAULIC PARAMETER CALCULATIONS
INSIDE LOOP CONVERGENCE METHOD
DESIGN SPECIFICATION METHOD
MAXIMUM NO. OF OUTSIDE LOOP ITERATIONS
MAXIMUM NO. OF INSIDE LOOP ITERATIONS
MAXIMUM NUMBER OF FLASH ITERATIONS
FLASH TOLERANCE
OUTSIDE LOOP CONVERGENCE TOLERANCE
****

COL-SPECS

****

MOLAR VAPOR DIST / TOTAL DIST
MOLAR REFLUX RATIO
MOLAR BOTTOMS RATE
****

PROFILES

P-SPEC

KMOL/HR

STAGE

1

PRES, BAR

COMPONENT SPLIT FRACTIONS

WASTE-1
COMPONENT:
METHANE
CO
CO2
H2O
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1.00000
1.00578
62.4942

****

*******************
**** RESULTS ****
*******************
***

20
STANDARD
NO
STANDARD
NO
BROYDEN
NESTED
25
10
30
0.000100000
0.000100000

1.0000
1.0000
1.0000
.94385

***

OUTLET STREAMS
-------------PROD-1
0.0000
0.0000
0.0000
.56152E-01

3.00000
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(PAGE 8)
BLOCK:
***

U-O-S BLOCK SECTION
DIST-1

MODEL: RADFRAC (CONTINUED)

COMPONENT SPLIT FRACTIONS

WASTE-1
COMPONENT:
METHANOL
ETHANOL
PROPANE
ETHANE
ACETONE
ACETI-01
H2
OXYGEN
***

1.0000
.99999
1.0000
1.0000
1.0000
.42079E-01
1.0000
1.0000

OUTLET STREAMS
-------------PROD-1
.12242E-06
.80864E-05
0.0000
0.0000
.20725E-05
.95792
0.0000
0.0000

SUMMARY OF KEY RESULTS

TOP STAGE TEMPERATURE
BOTTOM STAGE TEMPERATURE
TOP STAGE LIQUID FLOW
BOTTOM STAGE LIQUID FLOW
TOP STAGE VAPOR FLOW
BOILUP VAPOR FLOW
MOLAR REFLUX RATIO
MOLAR BOILUP RATIO
CONDENSER DUTY (W/O SUBCOOL)
REBOILER DUTY
****

***

***
C
C
KMOL/HR
KMOL/HR
KMOL/HR
KMOL/HR
CAL/SEC
CAL/SEC

MAXIMUM FINAL RELATIVE ERRORS

DEW POINT
BUBBLE POINT
COMPONENT MASS BALANCE
ENERGY BALANCE

112.854
167.333
29.3343
62.4942
29.1657
125.139
1.00578
2.00241
-63,435.6
190,675.

****

0.66974E-05
0.16776E-03
0.46294E-05
0.12489E-03

STAGE= 4
STAGE= 2
STAGE= 7 COMP=CO
STAGE= 16
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(PAGE 9)
BLOCK:

U-O-S BLOCK SECTION
DIST-1

****

MODEL: RADFRAC (CONTINUED)

PROFILES

****

**NOTE** REPORTED VALUES FOR STAGE LIQUID AND VAPOR RATES ARE THE FLOWS
FROM THE STAGE INCLUDING ANY SIDE PRODUCT.
STAGE TEMPERATURE
C
1
2
7
8
9
18
19
20

112.85
125.00
141.75
142.32
151.72
166.38
166.86
167.33

ENTHALPY
CAL/MOL
LIQUID
VAPOR

PRESSURE
BAR
3.0000
3.1379
3.3294
3.3677
3.4060
3.7508
3.7891
3.8274

FLOW RATE
KMOL/HR
LIQUID
VAPOR
1 29.33
29.17
29.1656
2 31.97
58.50
7 35.68
64.76
8 163.5
64.84
9 172.1
101.0
18 187.3
124.4
19 187.6
124.8
20 62.49
125.1

-76777.
-57205.
-86816.
-63115.
-97350.
-75630.
-97430.
-75772.
-0.10132E+06 -85194.
-0.10614E+06 -0.10049E+06
-0.10618E+06 -0.10060E+06
-0.10622E+06 -0.10068E+06

STAGE

****

MASS FLOW PROFILES

FLOW RATE
KG/HR
LIQUID
VAPOR
1 1354.
1199.
1199.2420
2 1612.
2553.
7 1977.
3166.
8 9065.
3176.
9 9812.
5316.
18 0.1121E+05 7428.
19 0.1125E+05 7466.
20 3748.
7497.

LIQUID

MIXED

-.63436+05

.19068+06
PRODUCT RATE
KMOL/HR
LIQUID
VAPOR

91.6598

62.4942
****

STAGE

314

FEED RATE
KMOL/HR
VAPOR

HEAT DUTY
CAL/SEC

LIQUID

FEED RATE
KG/HR
VAPOR

MIXED

PRODUCT RATE
KG/HR
LIQUID
VAPOR

4947.6520

3748.4099
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BLOCK:

Hess, Burghardt, McCloskey

U-O-S BLOCK SECTION
DIST-1

MODEL: RADFRAC (CONTINUED)

METHANE
0.17035E-04
0.80131E-05
0.67335E-05

****
MOLE-X-PROFILE
****
CO
CO2
H2O
0.10381E-05
0.21084E-03
0.76288E-01
0.49974E-06
0.91502E-04
0.71281E-01
0.43400E-06
0.74432E-04
0.39848E-01

METHANOL
0.19214
0.11200
0.52551E-

8

0.67772E-05

0.43728E-06

0.74842E-04

0.38951E-01

0.52236E-

9

0.33934E-07

0.12064E-08

0.71998E-06

0.40203E-01

0.19864E-

18

0.32944E-28

0.65545E-32

0.26200E-24

0.41763E-02

0.27534E-

19

0.15528E-30

0.17464E-34

0.24486E-26

0.27970E-02

0.74873E-

20

0.73554E-33

0.46827E-37

0.22985E-28

0.17225E-02

0.19054E-

STAGE
1
2
7
8
9
18
19
20

ETHANOL
0.37694
0.24929
0.10694
0.10602
0.55392E-01
0.13378E-04
0.49410E-05
0.16872E-05

****
MOLE-X-PROFILE
****
PROPANE
ETHANE
ACETONE
0.60587E-04
0.13822E-04
0.13394E-01
0.27183E-04
0.61977E-05
0.83800E-02
0.19492E-04
0.47711E-05
0.53266E-02
0.19536E-04
0.47896E-05
0.53240E-02
0.11236E-05
0.96295E-07
0.23435E-02
0.18661E-17
0.16281E-22
0.26756E-06
0.91195E-19
0.28916E-24
0.93132E-07
0.44036E-20
0.51295E-26
0.30104E-07

STAGE
1
2
7
8
9
18
19
20

H2
0.63825E-08
0.32635E-08
0.30707E-08
0.31019E-08
0.11883E-11
0.19299E-42
0.76077E-46
0.30261E-49

****
MOLE-X-PROFILE
OXYGEN
0.55801E-06
0.26653E-06
0.22910E-06
0.23075E-06
0.66793E-09
0.52806E-32
0.14642E-34
0.40845E-37

STAGE
1
2
7
8
9

METHANE
0.46283E-02
0.23160E-02
0.20882E-02
0.20854E-02
0.10972E-04

****
MOLE-Y-PROFILE
****
CO
CO2
H2O
0.55163E-03
0.24975E-01
0.62040E-01
0.27554E-03
0.12557E-01
0.69184E-01
0.24868E-03
0.11289E-01
0.50810E-01
0.24835E-03
0.11274E-01
0.49830E-01
0.70795E-06
0.12117E-03
0.61996E-01

METHANOL
0.33350
0.26262
0.17956
0.17892
0.84570E-

0.10567E-25

0.37223E-29

0.14840E-

STAGE
1
2
7
01
01
01
06
07
07

ACETI-01
0.34093
0.55892
0.79523
0.79736
0.88220
0.99581
0.99720
0.99828

****

01
18

0.42463E-22

0.80569E-02

05
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19

0.49442E-28

0.98368E-32

0.39320E-24

0.54052E-02

0.40369E-

20

0.23246E-30

0.26162E-34

0.36600E-26

0.33335E-02

0.10275E-

ETHANOL
0.44707

****
MOLE-Y-PROFILE
****
PROPANE
ETHANE
ACETONE
0.10645E-02
0.77689E-03
0.31124E-01

ACETI-01
0.93963E-

0.41190
0.26143
0.25992
0.17164
0.52076E-04
0.19232E-04
0.65660E-05

0.56111E-03
0.49019E-03
0.48953E-03
0.31629E-04
0.57508E-16
0.27984E-17
0.13454E-18

0.21780
0.47662
0.47981
0.67300
0.99189
0.99457
0.99666

06
06
STAGE
1
01
2
7
8
9
18
19
20
(PAGE 11)
BLOCK:
STAGE
1
2
7
8
9
18
19
20

0.39426E-03
0.35252E-03
0.35205E-03
0.77544E-05
0.13831E-20
0.24431E-22
0.43100E-24

0.22234E-01
0.16965E-01
0.16930E-01
0.86196E-02
0.11131E-05
0.38647E-06
0.12461E-06

U-O-S BLOCK SECTION

DIST-1

MODEL: RADFRAC (CONTINUED)

H2
0.29407E-04
0.14664E-04
0.13246E-04
0.13228E-04
0.50220E-08
0.74224E-39
0.28963E-42
0.11405E-45

****
MOLE-Y-PROFILE
OXYGEN
0.27594E-03
0.13785E-03
0.12440E-03
0.12424E-03
0.37359E-06
0.28810E-29
0.79250E-32
0.21933E-34

****

METHANE
271.73
289.15
310.03
307.66
323.30
320.76
318.39
316.04

****
K-VALUES
CO
CO2
531.46
118.38
551.61
137.06
572.80
151.59
567.84
150.59
586.76
168.22
567.90
162.07
563.26
160.58
558.68
159.24

****
H2O
0.81363
0.97102
1.2750
1.2792
1.5420
1.9292
1.9325
1.9353

STAGE
1
2
7
8
9
18
19
20

ETHANOL
1.1858
1.6515
2.4444
2.4515
3.0984
3.8927
3.8922
3.8916

****
K-VALUES
PROPANE
ETHANE
17.573
56.213
20.649
63.637
25.143
73.869
25.055
73.495
28.148
80.520
30.817
84.951
30.686
84.489
30.552
84.025

****
ACETONE
2.3234
2.6521
3.1842
3.1793
3.6774
4.1602
4.1496
4.1393

316

STAGE
1
2
7
8
9
18
19
20

METHANOL
1.7357
2.3447
3.4167
3.4251
4.2573
5.3896
5.3916
5.3924
ACETI-01
0.27564
0.38975
0.59937
0.60176
0.76288
0.99606
0.99737
0.99838
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STAGE
1
2
7
8
9
18
19
20
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****
K-VALUES
OXYGEN
494.58
517.44
542.84
538.32
559.25
545.58
541.26
536.99

H2
4608.0
4495.6
4311.9
4263.6
4225.6
3846.0
3807.1
3769.0

****

METHANE
0.59204E-05
0.25499E-05

****
MASS-X-PROFILE
****
CO
CO2
H2O
0.62991E-06
0.20101E-03
0.29773E-01
0.27766E-06
0.79879E-04
0.25472E-01

METHANOL
0.13337
0.71183E-

7

0.19500E-05

0.21944E-06

0.59131E-04

0.12959E-01

0.30396E-

8

0.19605E-05

0.22086E-06

0.59393E-04

0.12653E-01

0.30181E-

9

0.95463E-08

0.59256E-09

0.55564E-06

0.12700E-01

0.11161E-

18

0.88267E-29

0.30662E-32

0.19257E-24

0.12565E-02

0.14734E-

19

0.41565E-31

0.81616E-35

0.17980E-26

0.84071E-03

0.40028E-

20

0.19673E-33

0.21868E-37

0.16865E-28

0.51736E-03

0.10179E-

STAGE
1
2
01
01
01
01
06
07
07
(PAGE 12)
BLOCK:

U-O-S BLOCK SECTION

DIST-1

MODEL: RADFRAC (CONTINUED)

STAGE
1
2
7
8
9
18
19
20

ETHANOL
0.37619
0.22780
0.88934E-01
0.88072E-01
0.44748E-01
0.10293E-04
0.37979E-05
0.12959E-05

****
MASS-X-PROFILE
****
PROPANE
ETHANE
ACETONE
0.57878E-04
0.90040E-05
0.16853E-01
0.23777E-04
0.36967E-05
0.96543E-02
0.15516E-04
0.25898E-05
0.55845E-02
0.15534E-04
0.25970E-05
0.55759E-02
0.86883E-06
0.50775E-07
0.23868E-02
0.13743E-17
0.81760E-23
0.25953E-06
0.67096E-19
0.14507E-24
0.90250E-07
0.32375E-20
0.25715E-26
0.29150E-07

STAGE
1
2
7
8
9
18
19
20

H2
0.27873E-09
0.13050E-09
0.11174E-09
0.11276E-09
0.42005E-13
0.64974E-44
0.25588E-47
0.10170E-50

****
MASS-X-PROFILE
OXYGEN
0.38681E-06
0.16917E-06
0.13233E-06
0.13314E-06
0.37479E-09
0.28220E-32
0.78171E-35
0.21790E-37

ACETI-01
0.44353
0.66578
0.86205
0.86344
0.92900
0.99873
0.99916
0.99948

****
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METHANE
0.18058E-02
0.85128E-03
0.68516E-03
0.68312E-03
0.33429E-05

****
MASS-Y-PROFILE
****
CO
CO2
H2O
0.37578E-03
0.26732E-01
0.27182E-01
0.17683E-03
0.12662E-01
0.28556E-01
0.14246E-03
0.10161E-01
0.18721E-01
0.14204E-03
0.10131E-01
0.18330E-01
0.37659E-06
0.10127E-03
0.21210E-01

METHANOL
0.25989
0.19280
0.11767
0.11706
0.51462E-

18

0.28390E-26

0.17461E-29

0.31296E-22

0.24307E-02

0.79632E-

19

0.13258E-28

0.46056E-32

0.28925E-24

0.16277E-02

0.21621E-

20

0.62247E-31

0.12231E-34

0.26885E-26

0.10024E-02

0.54952E-

STAGE
1
2
7
8
9
18
19
20

ETHANOL
0.50090
0.43476
0.24633
0.24450
0.15017
0.40177E-04
0.14810E-04
0.50489E-05

****
MASS-Y-PROFILE
****
PROPANE
ETHANE
ACETONE
0.11416E-02
0.56814E-03
0.43963E-01
0.56689E-03
0.27162E-03
0.29586E-01
0.44209E-03
0.21680E-03
0.20153E-01
0.44076E-03
0.21615E-03
0.20077E-01
0.26487E-04
0.44281E-05
0.95073E-02
0.42468E-16
0.69647E-21
0.10827E-05
0.20627E-17
0.12280E-22
0.37520E-06
0.99023E-19
0.21632E-24
0.12080E-06

STAGE
1
2
7
8
9
18
19
20

H2
0.14417E-05
0.67728E-06
0.54612E-06
0.54449E-06
0.19226E-09
0.25058E-40
0.97596E-44
0.38376E-47

****
MASS-Y-PROFILE
OXYGEN
0.21474E-03
0.10106E-03
0.81416E-04
0.81174E-04
0.22702E-06
0.15439E-29
0.42389E-32
0.11714E-34

STAGE
1
2
7
8
9
01
06
06
07
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****

ACETI-01
0.13723
0.29967
0.58539
0.58834
0.76752
0.99753
0.99836
0.99899
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BLOCK:

Hess, Burghardt, McCloskey

U-O-S BLOCK SECTION
DIST-1

MODEL: RADFRAC (CONTINUED)
********************************
***** HYDRAULIC PARAMETERS *****
********************************

*** DEFINITIONS ***
MARANGONI INDEX = SIGMA - SIGMATO
FLOW PARAM = (ML/MV)*SQRT(RHOV/RHOL)
QR = QV*SQRT(RHOV/(RHOL-RHOV))
F FACTOR = QV*SQRT(RHOV)
WHERE:
SIGMA IS THE SURFACE TENSION OF LIQUID FROM THE STAGE
SIGMATO IS THE SURFACE TENSION OF LIQUID TO THE STAGE
ML IS THE MASS FLOW OF LIQUID FROM THE STAGE
MV IS THE MASS FLOW OF VAPOR TO THE STAGE
RHOL IS THE MASS DENSITY OF LIQUID FROM THE STAGE
RHOV IS THE MASS DENSITY OF VAPOR TO THE STAGE
QV IS THE VOLUMETRIC FLOW RATE OF VAPOR TO THE STAGE

STAGE
1
2
7
8
9
18
19
20

TEMPERATURE
C
LIQUID FROM
VAPOR TO
112.85
125.00
125.00
132.94
141.75
142.32
142.32
151.72
151.72
157.59
166.38
166.86
166.86
167.33
167.33
167.33

MASS FLOW
KG/HR
STAGE LIQUID FROM VAPOR TO
1
1354.1
2553.3
2
1611.5
2810.8
7
1976.5
3175.8
8
9064.7
5316.3
9
9812.0
6063.6
18
11214.
7465.7
19
11246.
7497.4
20
3748.4
0.0000

VOLUME FLOW
L/MIN
LIQUID FROM VAPOR TO
28.763
10286.
32.551
10831.
38.318
11085.
175.82
17452.
188.52
18987.
214.98
20082.
215.74
19957.
71.964
0.0000

MOLECULAR WEIGHT
LIQUID FROM
46.161
50.414
55.398
55.457
57.027
59.877
59.935
59.980

VAPOR TO
43.647
45.979
48.975
52.657
55.342
59.825
59.912
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BLOCK:
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U-O-S BLOCK SECTION
DIST-1

MODEL: RADFRAC (CONTINUED)

DENSITY
GM/CC
STAGE LIQUID FROM VAPOR TO
1 0.78464
0.41373E-02
2 0.82513
0.43253E-02
7 0.85969
0.47747E-02
8 0.85927
0.50771E-02
9 0.86748
0.53226E-02
18 0.86940
0.61961E-02
19 0.86877
0.62612E-02
20 0.86812

STAGE
1
2
7
8
9
18
19
20

MARANGONI INDEX
DYNE/CM
-.54066
-.12337
-6.5509
-.50304
-.10343
-.89323E-01
-.78091E-01

VISCOSITY
SURFACE TENSION
CP
DYNE/CM
LIQUID FROM VAPOR TO
LIQUID FROM
0.29674
0.11824E-01
18.745
0.29358
0.11745E-01
18.204
0.28645
0.11642E-01
16.279
0.28546
0.11402E-01
16.196
0.27786
0.11265E-01
15.693
0.26616
0.11083E-01
13.471
0.26545
0.11088E-01
13.382
0.26474
13.304

FLOW PARAM

QR
L/MIN
748.88
786.22
828.44
1345.5
1491.9
1701.4
1700.4
0.0000

0.38509E-01
0.41510E-01
0.46382E-01
0.13107
0.12675
0.12681
0.12734

REDUCED F-FACTOR
(GM-L)**.5/MIN
20922.
22525.
24223.
39323.
43804.
49987.
49937.
0.0000

************************************
***** TRAY SIZING CALCULATIONS *****
************************************
*******************
*** SECTION
1 ***
*******************

320

STARTING STAGE NUMBER
ENDING STAGE NUMBER
FLOODING CALCULATION METHOD

2
19
GLITSCH6

DESIGN PARAMETERS
----------------PEAK CAPACITY FACTOR
SYSTEM FOAMING FACTOR
FLOODING FACTOR
MINIMUM COLUMN DIAMETER
MINIMUM DC AREA/COLUMN AREA
HOLE AREA/ACTIVE AREA

1.00000
1.00000
0.80000
0.30480
0.100000
0.100000

METER
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DOWNCOMER DESIGN BASIS
(PAGE 15)
BLOCK:

EQUAL FLOW PATH LENGTH
U-O-S BLOCK SECTION

DIST-1

MODEL: RADFRAC (CONTINUED)

TRAY SPECIFICATIONS
------------------TRAY TYPE
NUMBER OF PASSES
TRAY SPACING

SIEVE
1
0.60960

METER

***** SIZING RESULTS @ STAGE WITH MAXIMUM DIAMETER *****
STAGE WITH MAXIMUM DIAMETER
COLUMN DIAMETER
DC AREA/COLUMN AREA
DOWNCOMER VELOCITY
FLOW PATH LENGTH PER PANEL
SIDE DOWNCOMER WIDTH
SIDE WEIR LENGTH
CENTER DOWNCOMER WIDTH
CENTER WEIR LENGTH
OFF-CENTER DOWNCOMER WIDTH
OFF-CENTER SHORT WEIR LENGTH
OFF-CENTER LONG WEIR LENGTH
TRAY CENTER TO OCDC CENTER

18
0.66458
0.20001
0.10328
0.45659
0.10399
0.48290
0.0
MISSING
0.0
MISSING
MISSING
0.0

METER
M/SEC
METER
METER
METER
METER
METER
METER
METER
METER
METER

**** SIZING PROFILES ****
STAGE
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

DIAMETER
METER
0.66458
0.66458
0.66458
0.66458
0.66458
0.66458
0.66458
0.66458
0.66458
0.66458
0.66458
0.66458
0.66458
0.66458
0.66458
0.66458
0.66458
0.66458

TOTAL AREA
SQM
0.34688
0.34688
0.34688
0.34688
0.34688
0.34688
0.34688
0.34688
0.34688
0.34688
0.34688
0.34688
0.34688
0.34688
0.34688
0.34688
0.34688
0.34688

ACTIVE AREA
SQM
0.27750
0.27750
0.27750
0.27750
0.27750
0.27750
0.27750
0.27750
0.27750
0.27750
0.27750
0.27750
0.27750
0.27750
0.27750
0.27750
0.27750
0.27750

SIDE DC AREA
SQM
0.34690E-01
0.34690E-01
0.34690E-01
0.34690E-01
0.34690E-01
0.34690E-01
0.34690E-01
0.34690E-01
0.34690E-01
0.34690E-01
0.34690E-01
0.34690E-01
0.34690E-01
0.34690E-01
0.34690E-01
0.34690E-01
0.34690E-01
0.34690E-01
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U-O-S BLOCK SECTION
DIST-1

MODEL: RADFRAC (CONTINUED)
**** ADDITIONAL SIZING PROFILES ****

FLOODING
STAGE FACTOR
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

35.03
36.27
36.91
37.14
37.15
37.05
63.28
70.03
74.43
76.87
78.19
78.94
79.41
79.73
79.87
79.97
80.00
79.99

PRES. DROP DC BACKUP
BAR
METER
0.4449E-02 0.1306
0.4646E-02 0.1316
0.4739E-02 0.1322
0.4774E-02 0.1324
0.4782E-02 0.1324
0.4778E-02 0.1324
0.7830E-02 0.1952
0.8961E-02 0.2137
0.9763E-02 0.2275
0.1022E-01 0.2357
0.1047E-01 0.2403
0.1061E-01 0.2430
0.1069E-01 0.2446
0.1075E-01 0.2458
0.1077E-01 0.2463
0.1078E-01 0.2467
0.1077E-01 0.2469
0.1076E-01 0.2469

HEIGHT
DC REL
STAGE OVER WEIR
FROTH DENS
METER
2
0.1784E-01 0.6078
3
0.1938E-01 0.6079
4
0.2024E-01 0.6080
5
0.2064E-01 0.6080
6
0.2080E-01 0.6080
7
0.2084E-01 0.6080
8
0.1023
0.6080
9
0.1111
0.6080
10
0.1166
0.6080
11
0.1198
0.6080
12
0.1216
0.6080
13
0.1228
0.6080
14
0.1237
0.6080
15
0.1244
0.6080
16
0.1248
0.6080
17
0.1253
0.6080
18
0.1256
0.6080
19
0.1259
0.6080
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TR LIQ REL
FROTH DENS
0.2778
0.2685
0.2643
0.2629
0.2628
0.2634
0.1910
0.1811
0.1762
0.1740
0.1729
0.1724
0.1721
0.1719
0.1718
0.1718
0.1718
0.1719

DC BACKUP/
(TSPC+WHT)
19.78
19.93
20.01
20.05
20.06
20.05
29.56
32.36
34.45
35.69
36.38
36.79
37.05
37.22
37.30
37.36
37.38
37.38
FRA APPR TO
SYS LIMIT
25.75
27.06
27.82
28.16
28.25
28.23
46.28
51.93
55.82
58.12
59.47
60.32
60.90
61.32
61.58
61.78
61.92
61.99
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U-O-S BLOCK SECTION

BLOCK: HX-1
MODEL: FLASH2
-----------------------------INLET STREAM:
S-5
OUTLET VAPOR STREAM:
FLUE-1
OUTLET LIQUID STREAM: LIQ-1
PROPERTY OPTION SET:
NRTL
***

RENON (NRTL) / IDEAL GAS

MASS AND ENERGY BALANCE
IN

TOTAL BALANCE
MOLE(KMOL/HR )
MASS(KG/HR
)
ENTHALPY(CAL/SEC )

672.884
21715.6
-0.960857E+07

***
OUT

RELATIVE DIFF.

672.884
21715.6
-0.100300E+08

-0.168955E-15
-0.167528E-15
0.420151E-01

*** CO2 EQUIVALENT SUMMARY ***
FEED STREAMS CO2E
91433.4
KG/HR
PRODUCT STREAMS CO2E
91433.4
KG/HR
NET STREAMS CO2E PRODUCTION
0.00000
KG/HR
UTILITIES CO2E PRODUCTION
0.00000
KG/HR
TOTAL CO2E PRODUCTION
0.00000
KG/HR
***
TWO
PHASE TP FLASH
SPECIFIED TEMPERATURE C
SPECIFIED PRESSURE
BAR
MAXIMUM NO. ITERATIONS
CONVERGENCE TOLERANCE
OUTLET TEMPERATURE
OUTLET PRESSURE
HEAT DUTY
VAPOR FRACTION

INPUT DATA

***
37.0000
1.77000
30
0.000100000

*** RESULTS
C
BAR
CAL/SEC

***
37.000
1.7700
-0.42141E+06
0.86378

V-L PHASE EQUILIBRIUM :
COMP
METHANE
CO
CO2
H2O

F(I)
0.30379
0.86461E-01
0.31906
0.36351E-02

X(I)
0.14727E-02
0.17552E-03
0.79470E-02
0.20915E-01

Y(I)
0.35147
0.10007
0.36812
0.91001E-03

K(I)
238.65
570.11
46.322
0.43509E-

METHANOL
ETHANOL

0.30110E-01
0.30110E-01

0.10612
0.14226

0.18124E-01
0.12425E-01

0.17079
0.87342E-

PROPANE
ETHANE

0.21515E-02
0.64526E-02

0.33873E-03
0.24720E-03

0.24374E-02
0.74312E-02

01
01
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7.1958
30.061

U-O-S BLOCK SECTION
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MODEL: FLASH2 (CONTINUED)

V-L PHASE EQUILIBRIUM :
COMP
ACETONE
ACETI-01

F(I)
0.43015E-02
0.11055

X(I)
0.99036E-02
0.71053

Y(I)
0.34180E-02
0.15930E-01

H2
OXYGEN

0.65623E-01
0.37759E-01

0.93570E-05
0.87803E-04

0.75970E-01
0.43700E-01

K(I)
0.34513
0.22421E-

01

BLOCK: MM-1
MODEL: MIXER
----------------------------INLET STREAMS:
S-1
OUTLET STREAM:
S-4
PROPERTY OPTION SET:
NRTL
***

S-3

S-2

RENON (NRTL) / IDEAL GAS

MASS AND ENERGY BALANCE
IN

TOTAL BALANCE
MOLE(KMOL/HR )
MASS(KG/HR
)
ENTHALPY(CAL/SEC )

8119.1
497.70

733.006
21715.6
-0.113795E+08

***
OUT

RELATIVE DIFF.

733.006
21715.6
-0.113795E+08

0.00000
-0.167528E-15
0.00000

*** CO2 EQUIVALENT SUMMARY ***
FEED STREAMS CO2E
157679.
KG/HR
PRODUCT STREAMS CO2E
157679.
KG/HR
NET STREAMS CO2E PRODUCTION
0.00000
KG/HR
UTILITIES CO2E PRODUCTION
0.00000
KG/HR
TOTAL CO2E PRODUCTION
0.00000
KG/HR
***

INPUT DATA

***

TWO
PHASE
FLASH
MAXIMUM NO. ITERATIONS
CONVERGENCE TOLERANCE
OUTLET PRESSURE
BAR
BLOCK: P-1
MODEL: PUMP
---------------------------INLET STREAM:
LIQ-1
OUTLET STREAM:
LIQ-2
PROPERTY OPTION SET:
NRTL
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30
0.000100000
1.90000
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BLOCK:

U-O-S BLOCK SECTION
P-1

MODEL: PUMP (CONTINUED)
***

MASS AND ENERGY BALANCE
IN

TOTAL BALANCE
MOLE(KMOL/HR )
MASS(KG/HR
)
ENTHALPY(CAL/SEC )

91.6599
4947.65
-0.243462E+07

***
OUT

RELATIVE DIFF.

91.6599
4947.65
-0.243454E+07

0.00000
0.00000
-0.299042E-04

*** CO2 EQUIVALENT SUMMARY ***
FEED STREAMS CO2E
86.1970
KG/HR
PRODUCT STREAMS CO2E
86.1970
KG/HR
NET STREAMS CO2E PRODUCTION
0.00000
KG/HR
UTILITIES CO2E PRODUCTION
0.00000
KG/HR
TOTAL CO2E PRODUCTION
0.00000
KG/HR
***

INPUT DATA

***

EQUIPMENT TYPE: PUMP
OUTLET PRESSURE BAR
PUMP EFFICIENCY
DRIVER EFFICIENCY

3.40000
0.75000
1.00000

FLASH SPECIFICATIONS:
LIQUID PHASE CALCULATION
NO FLASH PERFORMED
MAXIMUM NUMBER OF ITERATIONS
TOLERANCE

30
0.000100000

*** RESULTS
VOLUMETRIC FLOW RATE L/MIN
PRESSURE CHANGE BAR
NPSH AVAILABLE
M-KGF/KG
FLUID POWER KW
BRAKE POWER KW
ELECTRICITY KW
PUMP EFFICIENCY USED
NET WORK REQUIRED KW
HEAD DEVELOPED M-KGF/KG
BLOCK: PR-4
MODEL: RYIELD
-----------------------------INLET STREAM:
S-4
OUTLET STREAM:
S-5
PROPERTY OPTION SET:
NRTL

***
84.1529
1.63000
0.0
0.22862
0.30482
0.30482
0.75000
0.30482
16.9624

RENON (NRTL) / IDEAL GAS

325

CO2 and CH4 to Liquids Via
Low-Thermal Plasma

Hess, Burghardt, McCloskey

(PAGE 20)
BLOCK:

U-O-S BLOCK SECTION
PR-4

MODEL: RYIELD (CONTINUED)

***********************************************************************
*
*
*
SPECIFIED YIELDS HAVE BEEN NORMALIZED TO MAINTAIN MASS BALANCE *
*
*
***********************************************************************
***
DIFF.
TOTAL BALANCE
MOLE(KMOL/HR )
15
MASS(KG/HR
)
15
ENTHALPY(CAL/SEC )

MASS AND ENERGY BALANCE
IN
OUT
733.006

672.884

21715.6

21715.6

***
GENERATION
-60.1213

RELATIVE
0.465290E0.335056E-

-0.113795E+08 -0.960857E+07

-0.155624

*** CO2 EQUIVALENT SUMMARY ***
FEED STREAMS CO2E
157679.
KG/HR
PRODUCT STREAMS CO2E
91433.4
KG/HR
NET STREAMS CO2E PRODUCTION -66246.0
KG/HR
UTILITIES CO2E PRODUCTION
0.00000
KG/HR
TOTAL CO2E PRODUCTION
-66246.0
KG/HR
(PAGE 21)
BLOCK:

U-O-S BLOCK SECTION
PR-4

MODEL: RYIELD (CONTINUED)

***
TWO
PHASE TP FLASH
SPECIFIED TEMPERATURE C
SPECIFIED PRESSURE
BAR
MAXIMUM NO. ITERATIONS
CONVERGENCE TOLERANCE
MASS-YIELD
SUBSTREAM
METHANE
H2O
PROPANE
ACETI-01

MIXED
:
0.151
0.203E-02
0.294E-02
0.206

OUTLET TEMPERATURE
OUTLET PRESSURE
HEAT DUTY
VAPOR FRACTION

326

INPUT DATA

CO
METHANOL
ETHANE
H2

***
164.620
1.80000
30
0.000100000

0.750E-01
0.299E-01
0.601E-02
0.410E-02

*** RESULTS
C
BAR
CAL/SEC

CO2
ETHANOL
ACETONE
OXYGEN

0.435
0.430E-01
0.774E-02
0.374E-01

***
164.62
1.8000
0.17709E+07
1.0000
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BLOCK:

U-O-S BLOCK SECTION
PR-4

MODEL: RYIELD (CONTINUED)

ATOM BALANCE:
------------ATOM MOLES IN
GENERATION ERROR/TOL
UNIT KMOL/HR
C
708.5
0.1808E-01 0.2124E-01
H
1466.
0.1085E-01 0.7345E-01
O
733.0
.2893E-01 0.2467E-01

MOLES OUT

GENERATION

MASS IN

MASS OUT

KMOL/HR
708.5

KMOL/HR
0.1505E-02

KG/HR
8510.

KG/HR
8510.

1466.

0.1077E-01

1478.

1478.

733.0

-.1808E-02

0.1173E+05

KG/HR

0.1173E+05

-

V-L PHASE EQUILIBRIUM :
COMP
METHANE
CO
CO2
H2O
METHANOL
ETHANOL
PROPANE
ETHANE
ACETONE
ACETI-01
H2
OXYGEN

F(I)
0.30379
0.86461E-01
0.31906
0.36351E-02
0.30110E-01
0.30110E-01
0.21515E-02
0.64526E-02
0.43015E-02
0.11055
0.65623E-01
0.37759E-01

BLOCK: V-1
MODEL: VALVE
----------------------------INLET STREAM:
FEED-1
OUTLET STREAM:
S-1
PROPERTY OPTION SET:
NRTL
***
TOTAL BALANCE
MOLE(KMOL/HR )
MASS(KG/HR
)
ENTHALPY(CAL/SEC )

X(I)
0.70518E-02
0.11303E-02
0.14395E-01
0.13020E-01
0.42839E-01
0.59106E-01
0.52583E-03
0.56962E-03
0.75801E-02
0.85314
0.12577E-03
0.51430E-03

Y(I)
0.30379
0.86461E-01
0.31906
0.36351E-02
0.30110E-01
0.30110E-01
0.21515E-02
0.64526E-02
0.43015E-02
0.11055
0.65623E-01
0.37759E-01

K(I)
660.77
1173.3
339.95
4.2822
10.781
7.8137
62.759
173.75
8.7039
1.9875
8002.7
1126.1

RENON (NRTL) / IDEAL GAS

MASS AND ENERGY BALANCE
IN
354.273
5683.52
-0.174736E+07

***
OUT

354.273
5683.52
-0.174736E+07

RELATIVE DIFF.
0.00000
0.00000
0.00000

*** CO2 EQUIVALENT SUMMARY ***
FEED STREAMS CO2E
142088.
KG/HR
PRODUCT STREAMS CO2E
142088.
KG/HR
NET STREAMS CO2E PRODUCTION
0.00000
KG/HR
UTILITIES CO2E PRODUCTION
0.00000
KG/HR
TOTAL CO2E PRODUCTION
0.00000
KG/HR
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***
VALVE OUTLET PRESSURE
(PAGE 23)

INPUT DATA

***

BAR

2.00000

U-O-S BLOCK SECTION

BLOCK: V-1
MODEL: VALVE (CONTINUED)
VALVE FLOW COEF CALC.

NO

FLASH SPECIFICATIONS:
NPHASE
MAX NUMBER OF ITERATIONS
CONVERGENCE TOLERANCE
***
VALVE PRESSURE DROP

RESULTS

***

BAR

BLOCK: V-2
MODEL: VALVE
----------------------------INLET STREAM:
FEED-3
OUTLET STREAM:
S-3
PROPERTY OPTION SET:
NRTL
***

2
30
0.000100000

12.8028

RENON (NRTL) / IDEAL GAS

MASS AND ENERGY BALANCE
IN

TOTAL BALANCE
MOLE(KMOL/HR )
MASS(KG/HR
)
ENTHALPY(CAL/SEC )

8.88120
159.997
-160415.

***
OUT

RELATIVE DIFF.

8.88120
159.997
-160415.

0.00000
0.00000
0.00000

*** CO2 EQUIVALENT SUMMARY ***
FEED STREAMS CO2E
0.00000
KG/HR
PRODUCT STREAMS CO2E
0.00000
KG/HR
NET STREAMS CO2E PRODUCTION
0.00000
KG/HR
UTILITIES CO2E PRODUCTION
0.00000
KG/HR
TOTAL CO2E PRODUCTION
0.00000
KG/HR
***
VALVE OUTLET PRESSURE
VALVE FLOW COEF CALC.

INPUT DATA

***

BAR

2.00000
NO

FLASH SPECIFICATIONS:
NPHASE
MAX NUMBER OF ITERATIONS
CONVERGENCE TOLERANCE
***
VALVE PRESSURE DROP
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RESULTS
BAR

2
30
0.000100000

***
9.35539
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STREAM SECTION

FEED-1 FEED-2 FEED-3 FLUE-1 LIQ-1
--------------------------------STREAM ID
FROM :
TO
:
SUBSTREAM: MIXED
PHASE:
COMPONENTS: KMOL/HR
METHANE
CO
CO2
H2O
METHANOL
ETHANOL
PROPANE
ETHANE
ACETONE
ACETI-01
H2
OXYGEN
TOTAL FLOW:
KMOL/HR
KG/HR
L/MIN
STATE VARIABLES:
TEMP
C
PRES
BAR
VFRAC
LFRAC
SFRAC
ENTHALPY:
CAL/MOL
CAL/GM
CAL/SEC
ENTROPY:
CAL/MOL-K
CAL/GM-K
DENSITY:
MOL/CC
GM/CC
AVG MW

FEED-1
---V-1

FEED-2
---B-1

FEED-3
---V-2

FLUE-1
HX-1
----

LIQ-1
HX-1
P-1

VAPOR

VAPOR

LIQUID

VAPOR

LIQUID

354.2730
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
354.2730
15.5784
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
8.8812
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

204.2812
58.1620
213.9600
0.5289
10.5340
7.2217
1.4167
4.3192
1.9866
9.2592
44.1557
25.3993

0.1350
1.6089-02
0.7284
1.9171
9.7269
13.0391
3.1048-02
2.2659-02
0.9078
65.1269
8.5766-04
8.0480-03

354.2730
5683.5167
1.0054+04

369.8514
1.5872+04
1.0358+05

8.8812
159.9973
3.2487

581.2245
1.6768+04
1.4113+05

91.6599
4947.6521
84.1529

30.0000
14.8028
1.0000
0.0
0.0

30.0000
1.5000
1.0000
0.0
0.0

185.5556
11.3554
0.0
1.0000
0.0

37.0000
1.7700
1.0000
0.0
0.0

37.0000
1.7700
0.0
1.0000
0.0

-1.7756+04 -9.2418+04 -6.5024+04 -4.7044+04 -9.5621+04
-1106.7968 -2153.5119 -3609.3977 -1630.6852 -1771.4694
-1.7474+06 -9.4947+06 -1.6041+05 -7.5954+06 -2.4346+06
-24.4335 -7.1488-02
-1.5230 -1.6658-03
5.8730-04
9.4219-03
16.0428

5.9512-05
2.5540-03
42.9149

-30.5980
-1.6984

-4.6518
-0.1612

-58.8197
-1.0897

4.5562-02
0.8208
18.0153

6.8640-05
1.9802-03
28.8494

1.8153-02
0.9799
53.9784
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STREAM SECTION

LIQ-2 PROD-1 S-1 S-2 S-3
-----------------------STREAM ID
FROM :
TO
:
SUBSTREAM: MIXED
PHASE:
COMPONENTS: KMOL/HR
METHANE
CO
CO2
H2O
METHANOL
ETHANOL
PROPANE
ETHANE
ACETONE
ACETI-01
H2
OXYGEN
TOTAL FLOW:
KMOL/HR
KG/HR
L/MIN
STATE VARIABLES:
TEMP
C
PRES
BAR
VFRAC
LFRAC
SFRAC
ENTHALPY:
CAL/MOL
CAL/GM
CAL/SEC
ENTROPY:
CAL/MOL-K
CAL/GM-K
DENSITY:
MOL/CC
GM/CC
AVG MW

330

LIQ-2
P-1
DIST-1

PROD-1
DIST-1
----

S-1
V-1
MM-1

S-2
B-1
MM-1

S-3
V-2
MM-1

LIQUID

LIQUID

VAPOR

VAPOR

MIXED

0.1350
1.6089-02
0.7284
1.9171
9.7269
13.0391
3.1048-02
2.2659-02
0.9078
65.1269
8.5766-04
8.0480-03

4.5967-32
0.0
1.4364-27
0.1076
1.1908-06
1.0544-04
2.7520-19
3.2056-25
1.8813-06
62.3864
0.0
0.0

354.2730
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
354.2730
15.5784
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
8.8812
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

91.6599
4947.6521
84.1673

62.4942
3748.4100
71.9642

354.2730
5683.5167
7.4412+04

369.8514
1.5872+04
8.4007+04

8.8812
159.9973
370.7983

37.1326
3.4000
0.0
1.0000
0.0

167.3325
3.8274
0.0
1.0000
0.0

29.9999
2.0000
1.0000
0.0
0.0

54.6761
2.0000
1.0000
0.0
0.0

120.2722
2.0000
0.1521
0.8479
0.0

-9.5618+04 -1.0622+05 -1.7756+04 -9.2194+04 -6.5024+04
-1771.4165 -1770.8442 -1106.7968 -2148.3038 -3609.3977
-2.4345+06 -1.8438+06 -1.7474+06 -9.4717+06 -1.6041+05
-58.8146
-1.0896

-54.6741
-0.9115

-20.4585
-1.2752

6.5894-02
1.5354-03

-30.1500
-1.6736

1.8150-02
0.9797
53.9784

1.4473-02
0.8681
59.9801

7.9350-05
1.2730-03
16.0428

7.3377-05
3.1490-03
42.9149

3.9919-04
7.1916-03
18.0153
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STREAM SECTION

S-4 S-5 WASTE-1
--------------STREAM ID
FROM :
TO
:
SUBSTREAM: MIXED
PHASE:
COMPONENTS: KMOL/HR
METHANE
CO
CO2
H2O
METHANOL
ETHANOL
PROPANE
ETHANE
ACETONE
ACETI-01
H2
OXYGEN
TOTAL FLOW:
KMOL/HR
KG/HR
L/MIN
STATE VARIABLES:
TEMP
C
PRES
BAR
VFRAC
LFRAC
SFRAC
ENTHALPY:
CAL/MOL
CAL/GM
CAL/SEC
ENTROPY:
CAL/MOL-K
CAL/GM-K
DENSITY:
MOL/CC
GM/CC
AVG MW

S-4
MM-1
PR-4

S-5
PR-4
HX-1

WASTE-1
DIST-1
----

MIXED

VAPOR

VAPOR

354.2730
0.0
354.2730
24.4596
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

204.4162
58.1781
214.6884
2.4460
20.2608
20.2608
1.4477
4.3419
2.8944
74.3861
44.1566
25.4073

0.1350
1.6089-02
0.7284
1.8094
9.7269
13.0390
3.1048-02
2.2659-02
0.9078
2.7405
8.5766-04
8.0480-03

733.0056
2.1716+04
1.6491+05

672.8843
2.1716+04
2.2677+05

29.1657
1199.2421
5200.1838

36.2245
1.9000
0.9971
2.8963-03
0.0

164.6200
1.8000
1.0000
0.0
0.0

112.8541
3.0000
1.0000
0.0
0.0

-5.5888+04 -5.1407+04 -5.7205+04
-1886.4810 -1592.9001 -1391.2421
-1.1379+07 -9.6086+06 -4.6345+05
-8.7273
-0.2946

-5.7940
-0.1795

-36.8654
-0.8966

7.4080-05
2.1946-03
29.6255

4.9454-05
1.5960-03
32.2725

9.3476-05
3.8436-03
41.1183
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BLOCK STATUS
------------

Hess, Burghardt, McCloskey

PROBLEM STATUS SECTION

****************************************************************************
*
*
* Calculations were completed with warnings
*
*
*
* The following Unit Operation blocks were
*
* completed with warnings:
*
*
PR-4
*
*
*
* All streams were flashed normally
*
*
*
****************************************************************************
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Appendix F: Material Safety Data Sheets
The Material Safety Data Sheets for the most toxic components of the process (acetic
acid, acetone, ethanol, and methanol) are included. All other components can be considered
relatively non-toxic and do not pose substantial health or safety risks. All components must of
course be handled and disposed of with general care.
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